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I“  ABSTRACT »
The o p tic a l p e rtu rb a tio n  o f discharge cu rren t vo ltage c h a ra c te r is tic s  
(op toga lvan ic  e f fe c t  or OGE) has been in ve s tig a te d  fo r  COg and CO la s e r 
discharges. A q u a n tita t iv e  power p e rtu rb a tio n  model is  constructed and a 
se rie s  o f experiments show a close agreement fo r  changes o f  a l l  the major 
opera ting  parameters o f the COg la se r. The theory consists o f an eva lua tion  
o f  the m icroscopic k in e t ic  re la xa tio n  processes leading to  the changes in  
thermal balance o f the discharge th a t occur due to  the absorption and 
a m p lif ic a tio n  o f the resonant la s e r ra d ia tio n . A generation o f compact and 
e f f ic ie n t  cw CO^  lasers has been developed which produces h igher s ta b le  ou tput 
powers per u n it  length than p re v io u s ly  reported , and these have been a c t iv e ly  
s ta b iliz e d  by OGE to  provide a high degree o f  frequency s t a b i l i t y  50 kHz) 
and amplitude s ta b i l i t y  (;  ^ 0.5%) which is  a s ix  orders and two orders o f  
magnitude improvement over the passive resonator c a p a b ili ty ,  re s p e c tiv e ly . New 
optogalvan ic e ffe c ts  have been discovered both a t high frequencies (up to  
100 kHz) and fo r  sequence (00°2) la se r t ra n s it io n s  in  CO2  and a lso in  the cw 
CO la s e r. P re lim ina ry  in v e s tig a tio n  o f optogalvanic de tec tion  o f standing 
wave sa tu ra tio n  resonances in  low pressure discharged COg have been c a rr ie d  
out and some ana lys is  o f discharge noise has been necessary to  evaluate the 
a b i l i t y  o f such a narrow band d e te c to r fo r  la s e r s ta b i l iz a t io n .
The em p irica l evidence provided by the temporal response o f OGE combined 
w ith  the gas composition dependence ( in c lu d in g  fre e  m ixtures) proves 
co n c lu s ive ly  th a t no major io n iz a tio n  mechanism described so fa r  can be 
responsib le  fo r  the e f fe c t .  A thermal exp lanation  o f the e f fe c t  due to  
m odified k in e t ic  coo ling  o f  the la s e r gas has been developed from e x is t in g  
q u a li ta t iv e  exp lanations. This proposed "gas temperature" power p e rtu rb a tio n  
model provides fo r  the f i r s t  tim e, an accurate (~ 20%) p re d ic tio n  o f 
p e rtu rb a tio n s .(a m p litu d e , phase,, and frequency) due to  the resonant in te ra c t io n  
o f a CO2  la s e r beam over a wide range (up to  4 orders o f  magnitude) o f d e ta ile d  
param etric changes, w ith  a CO2  o r  la s e r m ixture discharge.
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PREFACE
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1.0 INTRODUCTION
Perturbations o f the e le c tr ic a l parameters o f gases due to ir ra d ia t io n  
w ith  l ig h t  have been studied fo r  over f i f t y  years and w ith  the a v a ila b i l i t y  
o f intense, coherent and sometimes tunable l ig h t  from lasers, a resurgence 
o f in te re s t in  several mechanisms, leading to  o p t ic a lly  induced discharge 
pertu rba tion  has occurred during the la s t  f i f te e n  years. This has resu lted  
in  d ire c t e le c tr ic a l detection o f electromagnetic rad ia tion  in  molecular and 
atomic discharges w ith  a high re so lu tio n  c a p a b ility , now known as the 
optogalvanic e ffe c t.
Of the many ava ilab le  cw lasers, the COg and CO molecular lasers are o f 
primary importance (due to  high e ff ic ie n c y , low cost and convenient s ize  and 
construction ) fo r  two major a p p lica tio n s . These lasers are used fo r  loca lized  
heating in  indus tria l/m ed ica l app lica tions (higher power) and as coherent 
sources fo r  in fra re d  labora tory and f ie ld  applications (lower power), 
inc lud ing  p o llu tio n  m onitoring, radar, absorption and flourescence spectroscopy, 
and pumping FIR lasers (a representa tive  l i s t  which is  by no means complete). 
Many o f these applications require frequency (and amplitude) s ta b i l i t y  
considerably b e tte r than is  ava ilab le  by the use o f a stable ca v ity  only and 
a c tive  ca v ity  s ta b iliz a tio n  using a frequency reference and a closed loop 
servomechanism is  required.
S ta b iliz a tio n  is  a major technological app lica tion  o f the optogalvanic 
e f fe c t (OGE) requ iring  the frequency s e le c t iv ity  o f th is  mechanism (which 
re su lts  in  a detected e le c tr ic a l signal w ith  a high signal to  noise ra t io )  
w ith  the consequent c a lib ra tio n  o f laser wavelength to  the OGE detected 
tra n s it io n . The requirements fo r .a c t iv e  s ta b iliz a t io n  o f both the e le c tr ic a l 
detection o f laser beam flu c tu a tio n s  and an absolute reference frequency are 
s a tis f ie d  by OGE; a free-running laser o s c il la to r  can be locked w ith  a 
su ita b le  feedback system.
1.1 COg LASER AND THE STABILIZATION PROBLEM
Almost a l l  laser app lica tions require  in te n s ity  s ta b i l i t y  {^B%) beyond
th a t ava ila b le  f rom a simple passive resonator (e .g . semiconductor and metal 
surface treatm ent) and many require a considerable degree (~ 1 MHz) o f frequency 
s ta b i l i t y  (e .g . pumping FIR la se rs ). Three parameters o f s ta b i l i t y  are (a) 
s t a b i l i t y  o f frequency, (b) s ta b i l i t y  o f amplitude (o r in te n s ity )  and (c) phase 
coherence. Frequency and amplitude are re la ted  in  a lase r o s c il la to r  in  a t 
le a s t two ways: ( i )  amplitude modulation (by spontaneous emission or otherwise)
causing generation o f AM sidebands in  the frequency domain and ( i i )  the precise 
o s c il la t in g  frequency (se t by the resonator) re su ltin g  in  a p a r t ic u la r  gain 
and generating an amplitude which depends on th a t frequency. Phase coherence 
is  a s tr in g e n t requirement which is  a useful measure o f s ta b i l i t y  fo r  holography, 
but fo r  the m a jo rity  o f app lica tions i t  can be seen as homogeneous frequency 
broadening.
Every lase r has at leas t two frequency se lec tive  components: (a) the 
lase r gain p ro f i le  (usua lly  broad) and (b) the resonator, i . e .  the o p tica l 
ca v ity  set up to  provide s u f f ic ie n t  p o s itive  feedback fo r  o s c il la t io n  (usua lly  
narrow). In addition  to  th is , d ispersive op tica l components can be inserted  
in to  the resonator (such as g ra tings , prisms, étalons, e tc .)  which introduce 
a de libe ra te  fu r th e r  degree o f frequency se lection .
In the COg laser case, a lase r lin e  gain p ro f i le  a t 20 to r r  is  
broadened to  approximately 150 MHz ( f u l l  w idth h a lf maximum) and a series o f 
such laser lines  occurs in  the 9 to  11 urn in fra re d  region due to the 
(00°1 4- 10°0, 02°0)j j j  v ib ra t io n a l- ro ta tio n a l tra n s itio n s  o f  the molecule 
in  4 bands (2P, 2R). Each adjacent p a ir  o f lines  is  55 GHz apart and these 
are conventionally d iscrim inated by using a blazed d if f ra c t io n  g ra ting  
(re so lu tio n  'x, 3 GHz) as one o f the resonator re fle c to rs .^
For short (^ 1 m) COg lase r ca v itie s  the long itud ina l resonator mode 
frequency spacing is  approximately equal to  the w idth o f the lase r gain p ro f i le ;  
fo r  lengths 1 m to 1.5 m a tra n s it io n a l case occurs where e ith e r  one o r two 
modes can o s c il la te  (see Figure 1.11). In the short case as long as only one 
ca v ity  mode e x is ts , which is  frequency co incident w ith  the gain p ro f i le  then 
e ith e r  no o s c il la t io n  ( i f  feedback is  in s u f f ic ie n t)  or else s ing le  lo n g itu d in a l
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Fig. 1.11 Frequency diagram showing resonator modes and one COg lase r gain 
p ro f i le .  The tra n s itio n a l s itu a tio n  displayed here represents L ~ 1.3 m ( fo r  
lase r pressure 25 to r r ) .  I f  one mode is  not held a t l in e  centre then two 
modes can be above threshold and o s c il la te  simultaneously.
Stable Sources S value
1 MHz Wein Bridge O s c illa to r . . io"+
1 MHz Crystal O s c illa to r . . 10® to  10®
Primary Kr. Length standard . . 10®
Primary Cs. Time standard . . io '®
COg laser (m u lt il in e ) . . 8 X 10^
COg gain p ro f i le  (s ing le  lin e ) . . . 3 X 10®
COg laser a c tiv e ly  s ta b iliz e d  . . . 10® to  io '®
HeNe (methane s ta b iliz e d ) NBS , . . 10*®
Fig. 1.12 Comparison o f the s ta b i l i t y  (S) o f laser and other stab le  sources.
Laser System M value
HeNe (3.39 ym) . . , 6
COg (10 to r r )  . , . 4
Ar ion . . 10"^
COg (1 atm) . . 0.07
HeNe (633 nm) . . . 0.015
Dye RhSG . . 10"3
Nd®+:G1ass . . 10"^
Fig. 1.13 Comparison o f M c r i te r ia  fo r  various laser systems
mode o s c il la t io n  w i l l  occur. The resonator feedback is  supplied by re fle c to rs  
supported by a mechanical s tru c tu re  enclosing the am plify ing medium which 
gives r ise  to the high Q ca v ity  modes represented as 6 -func tions  in  
Figure 1,11. A ‘ perfect* ca v ity  would s u ffe r  length changes due to  Brownian
12  15motion on ly, g iv ing  a ca v ity  s ta b i l i t y  fa c to r S ~ 10 - 10 (the frequency
s ta b i l i t y  is  defined c a re fu lly  in  Chapter 4 and is  simply the o s c il la to r  
frequency f^  d ivided by the d r i f t  (A f) ) .  I f  the COg la se r is  constrained 
to  o s c il la te  on one v ib ra t io n a l- ro ta t io n a l (V-R) tra n s it io n  only then
5S 3 X 10 . Although no resonator is  near pe rfe c t, the (sh o rt term ~ 1 s)
ca v ity  mode width is  always very much less than the gain p ro f i le ,  and the
Figure 1.11 representation (modes as 6 -func tions) is  s u ita b le . In order to
i l lu s t r a te  the order o f o p tic a l s ta b i l i t y  Figure 1.12 compares s ta b i l i t y
values o f some useful electromagnetic sources.
In p ra c tica l terms the ca v ity  mode w idth is  ty p ic a lly  10 Hz to  1 kHz
fo r  short observation times ( ,^ 1 ys) whereas the gain p ro f i le  is  ^  150 MHz wide.
Laser ac tive  s ta b iliz a t io n  consis ts , in  the main p a rt, o f c o n tro llin g  the
frequency o f the ca v ity  mode by re fe rr in g  i t s  frequency to  some absolute
o p tica l c a lib ra tio n  frequency which could be another very s tab le  ca v ity  or
a f in e  spectra l feature o f gas absorption or the laser gain p ro f i le  i t s e l f .
I n i t i a l l y  the lase r resonator is  c a re fu lly  constructed in  order to  reduce
alignment and length changes (high passive s ta b i l i t y )  which re s u lt in  frequency
s h if t in g  o f the lase r mode.
A necessary and s u f f ic ie n t  s tra tegy fo r  a c tiv e ly  s ta b il iz in g  a la se r to
8 10provide a stable source (S ~ 10 to  10 ) and to  f u l f i l l  the requirements is
1. Choose a cw lase r which is  su ita b le  fo r  the ap p lica tio n  and 
also fo r  p ra c tic a l s ta b iliz a t io n  (wavelength, ga in, lin e w id th , 
s ize , e ff ic ie n c y , e tc .)
2. I f  m u lt i- t ra n s it io n  system then se lec t one lin e  ( in  COg case 
one V-R tra n s it io n )
3. Select one transverse mode (usua lly  ax ia l modes,TEM^^^ or 
su ita b le  waveguide mode)
4. E ith e r ( i )  se le c t one lo n g itu d in a l resonator mode and keep i t
o r ( i i )  use a few lo n g itu d in a l modes sequen tia lly  and switch
between them a t su itab le  pre-determined times
5. Lock s ing le  resonator mode by a servomechanism to
( i )  lase r lin e -ce n tre  o r Lamb dip 
or ( i i )  spectra l fea ture  in  (a) external c e ll
(b) in tra -c a v ity  c e ll 
possib ly tuning th is  tra n s it io n  (S tark o r otherwise) 
o r ( i i i )  very stab le  external ca v ity .
The choice o f the p a rt ic u la r  la se r medium to be used w ith  active  
s ta b iliz a t io n  depends la rg e ly  upon the subsequent use; HeNe (methane 
s ta b iliz e d  3.39 ym) and COg (COg s ta b iliz e d  10.5 ym)have dominated fo r  
m etro log ical purposes. One c r ite r io n  o f lase r medium choice is  se t by the 
s ing le  mode requirement (4 ). The ca v ity  must be kept short in  order to  keep 
the mode frequency spacing s u f f ic ie n t ly  wide. The axia l mode frequency 
is
■''mode ° i c  ........................................................................
where n is  the lon g itu d in a l mode number and L is  the op tica l length o f the 
resonator. Therefore, fo r  a mode spacing (Af^ode^ Sweater than the lase r 
lin e  w idth (Af^ = Aw^/2ir)
= l u -  **^0   (1 .2)
The lase r length , however, cannot be shortened beyond a ce rta in  lower l im i t  
determined by the saturated gain ( i . e .  to  o s c il la te ,  gain > losses). For 
lase r o s c il la t io n  the round t r ip  gain e^^^ must exceed the losses, ç
> 1     (1 .3)
which expresses the laser threshold condition  (g is  the losses fa c to r 
defined in  Chapter 7, equation (7.14) , a is  the laser gain 
c o e ff ic ie n t and L is  the lase r a m p lif ie r  len g th ). The simultaneous
s a tis fa c tio n  o f these two requirements gives a c r ite r io n  fo r  lase r medium 
se le c tio n , by e lim ina tin g  L
> 1°9e (   (1-4)0
The RHS o f th is  equation lie s  in  the range 0 to  1 (the range o f  log^ i )  and 
the LHS (to  be ca lled  M) is  ju s t  re la ted  to  the quotien t o f gain and the l in e  
w idth.
M =   (1-5)
Now M is  a fig u re  o f m erit fo r  the active  s ta b iliz a tio n  o f systems. Figure 1.13
shows M values fo r  various lasers and HeNe (3.39 ym) and COg ( ,^ 20 to r r  cw) are
good choices w ith  high M values. This c r ite r io n  favours lasers w ith  a high
gain per u n it length and narrow lin e  w id th . The length re s tr ic t io n  can be
2overcome by using a Fox Smith resonator which uses three re f le c to rs , two 
o f which form a su ita b ly  short ca v ity . These resonators genera lly have a 
lower passive s ta b i l i t y  due to  the increased complexity. The re la xa tio n  o f 
th is  re s tr ic t io n  is  most important fo r  some applications such as v is ib le  
lasers ( i . e .  cw dye lasers) which fre q u en tly  require several methods o f 
r e s tr ic t in g  the laser bandwidth so th a t only a few modes can o s c il la te .
The se lec tion  o f one lin e  (o f a m u lt il in e  medium such as COg) is  
conventiona lly  achieved by an extra d ispersive element but when the o s c il la to r  
is  s u f f ic ie n t ly  short and i f  strong lin e  competition occurs, then the 
's ig n a tu re ' e ffe c t is  observed. I f  a short cav ity  (^ 50 cm) is  used, s ing le  
mode operation occurs i f  o ff-a x is  modes are suppressed (Chapter 4) and lin e  
competition succeeds in  producing a l l  the laser in te n s ity  in  one spectra l 
l in e ,  w ithou t the need fo r  an extra  d ispersive element. Gratings introduce 
losses (R ~ 93 to  96%), have ir re g u la r  fig u re  (cu rvatu re), require  complex 
mechanical mounts which have poor mechanical s ta b i l i t y ,  and are expensive.
As the ca v ity  length is  changed, due to  d r i f t ,  o r w ith de libe ra te  p e rtu rba tio n , 
a successive array o f several in d iv id u a l high gain lase r lin e  segments occurs
oproducing a laser signature which can be predicted by geometrical op tics
and knowledge o f the lin e  shapes and lin e  gain ra tio s .^  Figure 1.14 shows a 
typ ica l COg lase r signature measured during th is  present work and in ve s tig a tio n
3has shown th a t in  most discharge configurations 10P(20) occurs in  every
A/2 po rtion  o f the signature (the spectroscopic notation fo r  COg tra n s it io n s
is  explained in  Appendix 1),
S ch iffne r^  uses approximate (parabo lic ) lineshapes ( id e n tic a l fo r  each
tra n s it io n )  and takes in to  account the dispersive nature o f Brewster windows
in  order to  make good p red ic tions o f lin e  occurrences in  signatures. The
5 6resonator equation, ’ where n is  the medium index o f re fra c tio n  and d is  
the distance between the curved re f le c to r  (radius o f curvature R-j and Rg), 
was used in  the p red ic tion
where
and
nd = (q + 1 + B) - ^  = q ' ^   (1 .6 )
B = 7T 1 (1+r+s) arc cos {( l-d /R - j) ( l-d /R 2 )}^  . . (1 .7 )
q = q + 1 + B ............................................................ (1 .8 )
where A  ^ is  the resonant lase r tra n s it io n  vacuum wavelength, q is  the 
lo n g itu d in a l mode number and r  and s (in tegers) are the transverse mode 
numbers ( i .e .  mode defined TEM^^q). S ch iffn e r assumed th a t a t the equal 
gain p o in t (e .g . where say aqop(20) “ 10P(16) d^) the lase r would
instantaneously change o s c il la t io n  o f one tra n s itio n  to another ( th is  
phenomenon w i l l  be explained subsequently) and a simple computer programme 
y ie lded  the resu lts  shown in  Figure 1.15.
Signature lin e  se lec tion  has been shown experim entally to  be capable 
o f re je c tio n  o f the o ther ava ilab le  lase r lines  fo r  s u f f ic ie n t ly  sho rt 
devices and has become an elegant and cost e ffe c tive  technique fo r  cw COg 
lasers. Single transverse mode operation is ,  however, essentia l fo r  se lec tion  
and th is  is  usually achieved in  COg lasers by jud ic ious choice o f tube 
diameter or by in se rtio n  o f an in tra c a v ity  i r i s  (see Chapter 3).
The f i r s t  three requirements fo r  the s ta b iliz a tio n  s tra tegy can be 
s a t is f ie d  by a short cw COg lase r w ith  signature lin e  se lec tion  and su ita b le
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Fig. 1.14 A laser signature fo r  ^ x/Z fo r  the compact COg lase r used fo r  th is  
work. A rb itra ry  lase r power was measured w ith  a p y ro e le c tr ic  detector and the 
lase r tra n s it io n  was id e n tif ie d  w ith  an Optical Engineering spectrum analyzer. 
The length was tuned by applying 0 to  ~ 500 vo lts  manually to  a Lansing PZT 
supporting the output coupler. The nomenclature fo r  l in e  designation is  given 
in  Appendix 1.
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Normalized intensity versus cavity length d  for the laser 
described. Only those parabolas are shown .contributing to  the 
envelope of the intensity profile. A  large portion of the jP(20) 
parabola can be seen. From the curve crossings, the regions of 
oscillation were determined and are presented below (see “calcu­
lated”)- The regions of oscillation from Fig. 2 (lower trace) 
are shown for comparison (see “measured”).
Fig. 1.15 The successful p red ic tion  by geometrical optics o f an em pirica l €0^
4laser s igna tu re , reproduced from S ch iffne r.
aperture se lec tion  o f mode. One lon g itu d in a l mode is  ensured fo r  a given 
operating p o in t by making the frequency mode spacing exceed the f u l l  w idth 
h a lf  maximum (FWHM) gain p r o f i le ,  i .e .
2L > (40 + 5 p) X 10 MHz. .    (1 .9)
This approximate re la t io n  where p is  gas pressure ( to r r ) ,  requires the
o p tica l length L to  be s u f f ic ie n t ly  sho rt to  make the mode spacing c/2L exceed
the pressure broadened COg lin e  shape (approximately 40 MHz + 5 M H z/torr).
This requires fo r  25 to r r  pressure, the ca v ity  length L ^  90 cm; i f  th is  
c r ite r io n  is  exceeded then not only does sing le  lon g itu d in a l mode operation 
cease but signature ro ta tio n a l se lec tion  also becomes inadequate.
In order to lock the s ing le  lase r mode to  some reference frequency some 
form o f contro l system is  required to  d rive  the freerunning laser mode to 
some maximum, minimum or in f le c t io n  p o in t o f a detected e rro r  s ign a l. This 
has been achieved in  many ways but the commonest form o f ac tive  s ta b iliz a t io n  
involves locking the lase r to the lin e  centre o f the o s c il la t in g  tra n s it io n , 
which in  the case o f the COg la se r is  a maximum a t pressures above ~0.5 to r r  
(below which a Lamb dip minimum is  observed). Obviously before ca v it ie s  are 
s ta b iliz e d  a considerable degree o f passive s ta b i l i t y  is  desirab le  (low 
thermal expansion, high s tif fn e s s  and r ig id i t y ,  damping, o ffs e t o f 
thermal c o e ffic ie n ts , low re c ry s ta ll iz a t io n ) ,  although th is  is  less necessary 
as ca v ity  co rrection  techniques have improved (e le c tro n ic  development); th is  
sub ject (passive s ta b i l i t y )  and the tra d e -o ff w ith  increas ing ly  complex 
servo-e lectron ics w i l l  be discussed la te r .
Active  s ta b il iz a t io n , o p e ra tio n a lly , consists o f compensating fo r  any 
length change so th a t a w e ll-de fined  o p tica l length is  maintained to  y ie ld  
a precise frequency ca v ity  mode which is  re fe rred  to  some absolute reference 
(e .g . gain p ro f i le  cen tre ). Typical w ell-constructed  COg lasers w ith  
signature se lection  (such as Edinburgh Instruments PLl) have medium term
7 3 5(1 s) s ta b i l i t y  o f ^1:10 and long term (10 s) o f ~1:10 . A feedback 
system is  required i n i t i a l l y  to  b ring  the long term s ta b i l i t y  in to  l in e  w ith
the medium term ( i .e .  to  co rrect fo r  d r i f t  '^ 1^0 s) and possib ly to  improve the
medium term s ta b i l i t y  (~0.1 to  5 s ). The short term s ta b i l i t y  (0.1 to  1 ms) is
9 1 0usually  observed to  be approximately ~1:10 to  1:10 and the u ltim a te  aim o f 
a c tive  s ta b iliz a t io n  is  to  make use o f th is  precision over a longer tim escale. 
Length adjustment o f up to  20 ym can be made w ith  a p ie zo e le c tr ic  tra n s la to r  
(PZT). Figure 1.16(a) shows a simple s ta b i l iz e r  consisting  o f  a laser 
o s c i l la to r  (L) f i t t e d  w ith  a PZT element and using an o p tica l detector (D) to 
measure the beam power em itted.- The ca v ity  length is  d ithered (a t audio 
frequencies w ith in  the detector bandwidth) g iv ing r is e  to  a frequency modulation
^   ■  (1 .10 )
which re su lts  in  an in te n s ity  flu c tu a tio n  (Figure 1 .16 (b )). The ac component 
o f in te n s ity  is  detected by the square law op tica l detector (voltage « in te n s ity )  
and the phase o f th is  component resolves the length sign ambiguity. Detection 
o f phase can be achieved w ith  a su ita b le  lo ck -in  a m p lif ie r (PSD) and some 
degree o f post-de tecto r In te g ra tio n  (INT) is  required. The re s u lt in g  dc 
co rrec tion  signal is  fed (o ften v ia  fu r th e r  in te g ra tio n ) to  a high voltage dc 
a m p lif ie r  (HVA) to  d rive  the PZT in  order to  bring  the lase r mode to  the peak 
in te n s ity  p o in t by seeking a n u ll in  the detected ac s ign a l. Frequency
8 9s ta b i l i t y  o f 1:10 to  1:10 in  the long term can be achieved by th is  technique,
however, the ac d ith e r frequency modulates the lase r by a known amount ~0.1 to
810 MHz reducing the absolute s ta b i l i t y  to  ^  1:10 .
1.2 SCOPE OF THIS WORK
The primary ob jec tive  o f th is  work is  to  f u l ly  describe the construc tion , 
op tim iza tion  and performance o f OGE ac tive  s ta b iliz a tio n  o f COg lasers ( in  
the cw power range 1 W to 50 W) to  a labora tory s ta b i l i t y  standard (frequency
9s ta b i l i t y  ~1:10 ) ,  the in ve s tig a tio n  o f the microscopic k in e t ic  processes 
leading to  OGE signal generation in  COg o s c illa to rs  and external absorbers/ 
a m p lif ie rs , and a f u l l  p re d ic tive  th e o re tica l model o f the phenomenon.
PZT1
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PSD INT
Fig. 1,16 (a) A schematic diagram o f a simple feedback laser s ta b iliz e r .
“ 10 10 MHz
Fig. 1.16 (b) The output power va ria tio n s  w ith  time due to  p e rio d ic  length
modulation which is  equiva lent to  lase r frequency modulation. Two cases are 
represented (A) where the lase r mode is  -  10 MHz w ith  respect to  the laser lin e  
centre. The power va ria tio n  is  large and is  out o f phase w ith  the modulation 
voltage. Case (B) shows the laser mode a t + 7 MHz w ith  respect to  laser lin e  
centre. The power va ria tio n  is  sm aller and in phase w ith  the modulation. The 
s ta b il iz e r  drives the laser mode e ith e r high frequency o r low frequency 
(depending on signal phase) u n t i l  the minimum signal is  returned.
In p ra c tica l terms, th is  means the use o f o p t ic a lly  induced current 
changes in  the lase r e x c ita tio n  discharge to  detect the o f f - l in e  centre e rro r 
s ignal required fo r  active  contro l o f the laser mode by a phase locked loop.
The elegance o f th is  method (optogalvanic e ffe c t)  coupled w ith  signature 
se lec tion  is  evident: a sim ple, rugged and cost e ffe c tiv e  improvement o f up 
to  4 orders o f magnitude in  frequency s ta b i l i t y  and 2 orders o f magnitude in  
in te n s ity  s ta b i l i t y  combining w ell w ith  the s im p lic ity  and e ff ic ie n c y  o f the 
COg molecular lase r.
The main subsid iary systematic investiga tions are the s ta b iliz a t io n  and 
optogalvanic studies o f the COg sequence (00°2 [lO ° l, 02°lJ j  j j )  lase r and
the CO molecular lase r. The generation o f high frequency OGE signals up to  
100 kHz in  COg lase r discharges is  demonstrated and the new mechanisms 
e luc ida ted ; previous inve s tiga tions  were lim ite d  to  < 5 kHz. Inves tiga tion  
o f low pressure standing wave sa tu ra tion  resonances w ith  Lamb dip OGE 
detection is  also presented and the fe a s ib i l i t y  o f using COg Lamb dip 
reference to  s ta b iliz e  the COg waveguide laser (which has inh e re n tly  a wide 
tun ing range) is  analyzed.
Further inve s tig a tio ns  o f th is  technique (OGE) to  discharges s p a t ia l ly  
separated from the main lase r a m p lif ie r  was undertaken and th is  has shown 
the g e ne ra lity  o f OGE de tection . Optogalvanic detector discharges o f th is  
type (outw ith  the laser a m p lif ie r)  w ith  various pon-lasing gas compositions 
and pressures (e ith e r  p h ys ica lly  outside o r w ith in  a lase r ca v ity ) were used 
to  make measurements o f  gain, absorption, and the dependency o f the optogalvanic 
e f fe c t on the discharge operating parameters. Investiga tions o f the v a ria tio n  
o f  e x c ita tio n , pressure, composition, temperatCire, length and geometry were 
made and the magnitude and phase o f the re su ltin g  OGE detected signals is  
accurate ly predicted by the power pertu rba tion  theory given in  Chapter 7.
2.0 PREHISTORY - PHOTOELECTRIC EFFECTS IN GASES
Following the discovery by Lenard and revo lu tionary descrip tion  due to
10 .
E inste in  o f the p h o to e le c tric  e ffe c t in  s o lid s , a t the beginning o f th is  
century and, due to  the vigorous development e f fo r t  devoted to  the therm ionic 
valve (tube) and discharge tubes, in te re s t in  'p h o to e le c tr ic ' e ffe c ts  in  gases 
grew both from the p o in t o f view o f physical understanding o f microscopic 
processes (mainly io n iza tio n ) and from the photometric app lica tions required 
by spectroscopy. A t th is  time also great achievements in  the th e o re tica l 
understanding o f atomic gas discharges in  breakdown and pre-breakdown 
conditions occurred (notably by Penning and Townshend) and the use o f  l ig h t  
as a d iagnostic  probe was a novel extension to  e x is tin g  experimental d iagnostic  
apparatus (such as probes, e tc . to  measure charge). I n i t i a l l y ,  studies o f 
p h o to e le c tr ic ity  in  metal vapours were made and the ea rly  e ffo r ts  o f Foote
7and Mohler consisted o f studying pho toe lec tric  detection not w ith  a sustained
discharge, but using a therm ionic diode which was current l im ite d  by the e lectron 
space charge. Cesium vapour was used and a diode operating p o te n tia l o f 0.5 V 
employed to  avoid e lectron  impact io n iza tio n  o f the gas; absorbed photons 
produced ions which were detected by the p a rtia l n e u tra liza tio n  o f the space 
charge g iv ing  an increased diode curren t. In these experiments, the 3180 A 
photo ion iza tion , l im i t  fo r  the cesium ground sta te  was observed (e le c t r ic a l ly )  
but the apparatus wavelength reso lu tion  was not s u ff ic ie n t to  observe in d iv id u a l 
tra n s it io n s ; previous attempts to  observe p h o to e le c tr ic ity  in  metal vapours 
gave ambiguous re su lts  due to  in s u f f ic ie n t  apparatus which had been improved 
to  include hard vacuum, quartz envelope and Pt electrodes fo r  the tube and a 
monochromator fo r  f i l t e r in g  the l ig h t  source. This work also showed th a t 
the long wavelength l im i t  o f io n iza tio n  by rad ia tion  o r e le c tro n ic  impact was 
not sharply discontinuous but th a t in te rtom ic  c o llis io n s  ( tra n s la tio n a l energy 
supplied by the heater which was varied) could con tribu te  s ig n if ic a n t ly  to  
the energies o f atoms and as a re s u lt io n iza tio n  occurred beyond the long 
wavelength side o f  the ( th e o re tic a l)  l im i t .  Therefore, un like  a s o lid  X-ray 
l im i t  the photo ion iza tion  e ffe c t fo r  a valence e lectron was not sharply 
discontinuous a t the ca lcu la ted threshold.
oI t  required the in v e s tig a tio n , in  1927, o f Meissner and Graffunder to
nshow th a t the ir ra d ia t io n  o f rare gas sustained discharges (neon and argon) 
by resonant v is ib le  ra d ia tion  (from neon and argon lamps) perturbated the 
v - i c h a ra c te r is tic  o f low pressure (few to r r )  discharges and they o ffe red  a 
q u a lita t iv e  explanation requ iring  the decrease o f population and l ife t im e  o f 
metastable atoms due to ir ra d ia t io n .
A c r i t ic a l  dialogue developed in  1931 between F.M. Penning and 
L.6.H, Huxley re su ltin g  in  an in te re s tin g  paper by Penning, where in  
attempting to  prove the p u r ity  o f the Ne used to  inve s tig a te  s ta r t in g  
p o te n tia ls , he irra d ia te d  the neon discharge tube w ith  a h e lic a l neon p o s itive  
column glow tube to  change the v - i c h a ra c te ris tic  o f the te s t tube. The 
s ta r t in g  p o te n tia l o f a Ne Ar m ixture was increased by a fa c to r  o f 2 w ith  
illu m in a tio n . This provided a se n s itive  measure o f p u r ity ;  excepting helium, 
a l l  o ther gases have io n iza tio n  p o te n tia ls  smaller than Vj^g-tastable neon
““6 — 3(16.6 V). Hence small traces o f im pu ritie s  (10 to 10 concentration) cause 
an increase o f  s ta rt in g  p o te n tia l due to ir ra d ia t io n , but i f  no increase o f 
s ta r t in g  p o te n tia l occurs then the neon must be very pure. Apart from th is  
d iagnostic  use fo r  measuring p u r ity  (two patents were issued in  1934 and 1937 
concerning pure rare gases) and noting th a t a t high irrad iances the e ffe c t 
can be very la rge . Penning shows l i t t l e  s c ie n t i f ic  in te re s t in  i t .  Figure 2.01 
shows p a rt o f Penning's explanation. This e ffe c t was f i r s t  seen in  pure helium 
in  1930 by Meissner and Pierson.
To summarize, th is  rare gas e ffe c t requires the depletion o f a metastable
population by ra d ia tive  absorption in to  a leve l which can ra d ia tiv e ly  decay
to  the ground s ta te . In many discharge systems (notably rare gases) metastable
states dominate in  io n iza tio n  mechanisms and th is  re su lts  in  a h igher e lectron
temperature to  maintain the discharge and the.discharge voltage ( fo r  a given i )
r is e s ; i t  is  th is  e ffe c t th a t was seen by Penning^^ and Meissner^*^^ in  rare
12gas discharges and Kenty in  the Hg vapour lamp during ir ra d ia t io n  by s im ila r  
discharges in  the same gases.
Conversely, i f  the absorbed ra d ia tio n  causes tra n s itio n s  to  h igher leve ls  
which are more e a s ily  ionized then the discharge voltage w i l l  decrease because
Wium ilie disdiargc-tube is not 
irrncliated -iho iiietastable states can Le destroyed in two 
ways : first by collision with a neon atom they can. be
brought into the Ij^-state from which, they return to the 
normal level with omission of the resonance line 73G A 
secondly they can ionize an argon atom. When the discharge- 
tube is irradiated by intensive light from a noon column 
the metastable atoms can be raised by this light to the 
stutes, and from ^herc return, at least partly, tbo Isj-level 
into the normal state. The result of (his irradiation therefore
Without radiation Witt) radiation
is that fewer argon atoms are ionized and (hat the starting 
potential increases. Indeed, this conclusion was condrmed 
e x p e r i m e n t a l T h e  effect reaches high values with large 
light intensities : not yet published measurements showed 
that under suitable conditions the starting potential oil a 
N e -A r mixture could bo increased by irradiation with neon 
light from 550 v. up to 900 v. I t  is difficult to sco how this 
irradiation could cause such a large increase if  tho ionization 
were not due to metastable atoms.
Fig. 2.01 E xtract from Penning (1931).
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Fig. 2.02 Apparatus an<i v - i c h a ra c te r is tic  perturbations o f neon and argon, 
reproduced from Meissner and M ille r^ ^ .
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the e lectron temperatures required to maintain the discharge is  decreased; 
fo r  a lu c id  descrip tion  see Bridges.
However, i t  was possible by th is  time (1930) to  compute the concentration 
o f excited  atoms and th e ir  mean life t im e s  in  a Townshend discharge^^ from 
the known e le c tro n ic  p roperties o f neon using the mean life t im e s  as adjustable 
parameters, A comparison o f Penning's d ire c t op tica l pertu rba tion  
measurements allowed Pike (w h ils t a Ph.D. s t u d e n t ) t o  provide absolute
onumerical values (a t 36 to r r  Ne) o f  l ife t im e  o f Pg metastable s ta te  o f
“ 3 o “ 52 x 1 0  /P seconds o f and 2 P^  resonance states 4 x 1 0  /P seconds (where P
is  the pressure in  to r r ) .
The study o f Hg (+Ar, Kr, Xe) rare gas m ixtures, used fo r  l ig h t in g
12purposes, brought an in te re s tin g  re s u lt from Kenty who noted th a t strong
Hg vapour ra d ia tio n  (through g lass, long wavelength) resu lted in  doubling the
discharge voltage o f an Hg te s t tube a t 1 mA and th a t th is  illu m in a tio n  could
suppress the s tr ia t io n s  a t pressures o f a few to r r .  This e ffe c t could only
be observed a t temperatures below 16°C.
By 1953 Meissner and M il le r  had examined the o p t ic a lly  induced v - i
17c h a ra c te r is tic  perturbations (see Figure 2.02) in  some d e ta il fo r  Ne, He,
A r, Kr and Xe and the spectroscopic power o f th is  e ffe c t was becoming rea lized  
and th a t i t s  main advantage was the frequency s e le c t iv ity  o f the detection 
mechanisms. Some large rare gas perturbations (10% ty p ic a l)  were being seen 
and care fu l f i l t e r in g  o f nonmonochromatic discharge lamps was required fo r  
de ta iled  analysis o f p a r t ic u la r  leve l population pertu rba tions, e tc .
2.1 RECENT HISTORY -  LASER OPTOGALVANIC STUDIES OF VISIBLE ATOMIC TRANSITIONS
Although e a rly  work o f researchers l ik e  Meissner was lim ite d  by poor 
monochromaticy and the low irrad iance  per u n it bandwidth and s o lid  angle, o f 
the ava ilab le  l ig h t  sources such as arcs, discharge tubes, e tc . ,  some 
s ig n if ic a n t discharge perturbations due to  strong tra n s itio n s  were detected.
The re b ir th  o f these o p t ic a lly  induced e ffe c ts  came w ith  the a v a ila b i l i t y  o f 
the lase r and the name optogalvanic (OGE) spectroscopy came in to  common usage
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by the middle 1970‘ s due to  Green and co-workers' re v iva l o f in te re s t in
v is ib le  rare gas tra n s it io n s .^ ^  I t  was the tu n a b il ity  o f the cw dye lase r
over the v is ib le  spectrum and the subsequent illu m in a tio n  o f the rare gases
th a t were in te ns ive ly  studied in  discharges which were characterized by
re la t iv e ly  high e lectron temperatures (0.2 to  10 ev); in  th is  s itu a tio n
s ig n if ic a n t population o f many excited leve ls e x is t. In add ition  atomic
ions, molecular ions, molecular free  rad ica ls  w ith  re la t iv e ly  low concentrations
were studied not only in  discharges but also in  the pre-breakdown condition^^
20and in  flames. Figure 2.11 shows a typ ica l optogalvanic detection system
21as described by Goldsmith and Lawler and fig u re  2.12 shows a representative
la se r optogalvanic spectrum obtained using a dye la se r (Rhodamine 6G) to
22probe.an HeNe discharge. An o p tica l absorption curve is  also given fo r  
comparison which shows some o f the stronger tra n s itio n s . Phase se n s itive  
detection is  usually used although i t  is  not necessary on strong tra n s itio n s  
and the p o s itive  o r negative value o f the OGE signal depends on the precise 
k in e tic s  o f the leve ls involved in  the absorption process (a simple descrip tion  
has been given in  2 .0 ).
2.11 LASER DISCHARGE PERTURBATIONS
More important to  th is  present work are the optogalvanic e ffe c ts  th a t
have been demonstrated in  the am plify ing discharges o f gas lase r o s c il la to rs .
23 24- 26Garscadden e t a l,  Garscadden and Adams and Weaver and Freiberg observed
decreases o f current o f HeNe discharges undergoing la se r ac tio n ; S ch iffn e r
and S e i f e r t , W e a v e r  and Freiberg^^ and Weaver^^ reported th a t a ty p ic a l laser
28o n /o ff  cu rren t change is  = 2%; previously Bennett had noticed increased
e le c t r ic  current noise during lase r a m p lifica tio n  in  a pulsed argon discharge
29and Waksberg and Carswell measured laser induced s id e lig h t f lu c tu a tio n s  in 
HeNe discharges and obtained some k in e t ic  inform ation by using phase lock 
techniques. The favoured explanation o f th is  e ffe c t is  th a t the lase r action 
depletes Ne 332 (3.39 m  o r 0.6328 ym tra n s it io n )  o r 2$2 (1.15 ym tra n s it io n )  
upper la se r levels and th is  increases the reduction o f the corresponding
Dye -a
Fig. 2.11 Typical experimental apparatus fo r  studying optogalvanic atomic 
tra n s itio n s  using a tunable dye lase r and phase sens itive  de tecto r, reproduced 
from Goldsmith and Lawler.
T R AN S. POWER
~  590.2 2P4-41,"" 
H . 587.5 33P.23P
-  582.0 2p8-*<U
TUBE VOLTAGE CHANGE
Broadband 
optogalvanic-effect 
spectrum o f a 
b e t i u m - n e o n  
discharge in the tun­
in g  ra n g e  o f  
rhodam ine 6G. 
Signai strengths are 
measured as per­
centage changes in 
tu b e  v o lta g e ;  
numbers at right and 
left are end points o f  
off-scale readings. 
The dye-laser power 
transmitted through 
the tube is indicated 
by the superimposed 
curve at left
Fig. 2.12 OGE spectrum o f HeNe discharge and comparison o f absorption spectrum
99reproduced from King and Schenck.
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1 3c o ll is io n  coupled He metastable population (2 S or 2 S) and consequently 
the optogalvanic e ffe c t fo llow s the Meissner descrip tion . Smaller decrease
30= 0.02% in  pure Xe discharge lasers has been reported by Freiberg and Weaver.
Perturbations o f Argon Ion lase r discharges were a n tic ip a te d , predicted
and la te r  observed by K l e i n , a n d  Dunn and M aitland;^^ reduction o f  discharge
voltage o f 1 V in  500 V was observed during laser ac tion . The suggested
0mechanism is  tha t stim ulated emission increases the 723 and 745 A spontaneous
emission from the lower lase r leve l to  the ion ground s ta te  and th a t th is
ra d ia tio n  increases the photo ion iza tion  o f neutral argon ( io n iza tio n  l im i t  
0780 A).
Early inve s tiga tion  o f the COg lase r discharge showed very large 
perturbations o f discharge parameters and these experiments w i l l  be described 
in  2.4 . The COg laser induced curren t perturbations o rig ina ted  from the 
thermal considerations o f the molecular discharge ra the r than the e le c tro n ic  
( io n iz a tio n ) descrip tion o f the atomic lase r pertu rba tions. The epistemology 
o f the optogalvanic e ffe c t is  s p l i t  in to  tw in streams ( i .e .  atomic and 
molecular) and in  general, the atomic side has been more thoroughly 
investiga ted  and b e tte r th e o re t ic a lly  described. In th is  work the molecular 
case (p a r t ic u la r ly  fo r  COg and CO lasers) is  investiga ted  experim entally 
and de ta iled  theo re tica l k in e t ic  modelling given, but fo r  both h is to r ic a l 
completeness and fo r  pedagogical purposes a study o f a l l  optogalvanic 
pertu rba tion  is  undertaken in  th is  chapter.
2.2 MODERN OGE THEORY OF ATOMIC DISCHARGES
The pre laser optogalvanic theory consisted o f q u a lita t iv e  descrip tion
15o f atomic leve l perturbations and the work o f Pike is  notable fo r  the use 
o f ra te  equations (very s im p lif ie d ) in  order to  quan tify  metastable and 
resonant s ta te  mean life t im e s ; the analysis required many assumptions o f 
which some are dubious. Modern approaches (a fte r  1976) have la rg e ly  
consisted o f two major approaches a t d if fe re n t leve ls :.
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331. Rigorous Rate Equation Models such as the work o f Pepper
34 .and Lawler in  p r in c ip le  allow  deta iled  q u an tifie d  
p re d ic tio n , un fo rtunate ly  they s u ffe r  from the m a jo rity  o f
crossections being not s u f f ic ie n t ly  well known and the 
subsequent numerical so lu tions are m ultivalued w ith  adjustable 
parameters. These models are a more de ta iled  attempt than 
prelaser analyses but the approach is  e sse n tia lly  s im ila r , 
and the method re lie s  on the non-equilibrium  approach and 
lin e a r analysis o f a re s tr ic te d  set o f ra te  equations.
2. S im p lified  Phenomenological Models such as the work o f
orErez e t a l,  which are successful in  p re d ic tin g  sign changes 
a t p a rtic u la r discharge e xc ita tion s  (un like  the ra te  equation 
models) and re la t iv e  magnitude and time evo lu tion  o f OGE 
signa ls. Several parameters (ra th e r l ik e  tra n s is to r  equiva lent 
c ir c u it  parameters) are introduced and e sse n tia lly  quasi steady 
sta te  analysis is  used; un fo rtuna te ly , precise p re d ic tio n  is  
not possible w ith  the model o ffe red  so fa r .
•7This work w i l l ,  in  chapter, provide a p red ica tive  pertu rba tion  model fo r
molecular V-R tra n s it io n  OGE e ffe c t in  the CO^  lase r which is  d if fe re n t from
cases (1) and (2) but the COg lase r molecular discharge re s tr ic t iv e  case allows
an accurate and q u a n tita tive  model to  be constructed which cannot be generalized
to  the atomic case because the mechanism is  fundamentally d if fe re n t ;  i t  is  in
th is  l ig h t  th a t the modern atomic OGE theories w i l l  be d iscussed ;,
33Pepper calculated magnitude and sign fo r  the e ffe c t in  sodium vapour by
a ra te analysis technique w ith  a modified Schottky approximation fo r  glow
discharges, the s p e c if ic  technologica l app lica tion  under consideration was
34isotope separation. Lawler has s p l i t  the analysis in to  two parts and 
developed a semi-empirical model by experim entally measuring the v - i 
ch a ra c te r is tic  to avoid ca lcu la tin g  d Z /d i; consequent ca lcu la tions  (s im ila r  to  
Pepper's) re su lt in  p red ic tion  o f the OGE amplitude ( fo r  a known He tra n s it io n )  
w ith  constant voltage e x c ita tio n  (see 3 ,2 ).
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The normal Schottky model considers only two states o f an atomic system:
the ground sta te and the io n iza tio n  s ta te , no excited sta te  is  allowed.
Pepper, in  order to  analyze o p tica l perturbations modified th is  fo rm a liza tion
by considering an intermediate s ta te  as two, two leve l 'atom ic systems'.
An ite ra t io n  procedure was set up (see Figure 2.21) to  provide a numerical
so lu tion  o f  the coupled rate equations ( fo r  the ' two' resonant atomic gases
and the b u ffe r) and the e lectron  temperature T^ is  ca lcu lated fo r  the
non-irrad ia ted  case; un fo rtuna te ly , no exact closed form so lu tion  is  possib le.
This rou tine  was repeated fo r  the ir ra d ia te d  case and the ca lcu la ted change
o f e lectron  temperature was used to  p re d ic t the discharge voltage pertu rba tion
fo r  a constant e xc ita tio n  cu rren t. Pepper only considered the increase in
upper leve l population on absorption and th is  always leads to  an optogalvanic
decrease in  tube voltage. A d d it io n a lly , in  order to s a tis fy  the c r ite r io n
o f conservation o f energy the e lectron  density must change w ith  illu m in a tio n
(as w ell as temperature) and th is  would lead to  an increase ('v 15%) in  the
io n iza tio n  density which would consequently decrease the optogalvanic response;
th is  second order e ffe c t was not considered.
The change o f e lectron  temperature a lte rs  the d iss ip a tion  o f e le c tr ic a l
power in  the discharge (due to  ir ra d ia t io n )  and using standard approximate
37expressions fo r  discharge power and su b s titu tin g  fo r  the ambipolar d if fu s io n  
c o e ff ic ie n t
M  S " l " n  .................................................... 12 'Ii= l
where S , y  the e lectron c o ll is io n  rate  is  calculated using a Maxwellian 
e lectron  d is tr ib u t io n , changes in  the inp u t discharge power (v i )  can be 
ca lcu la ted.
Pepper subsequently obtains an expression fo r  the fra c tio n a l voltage
change a t constant current as 
3
AV
V i= l
(G il + SkT°) A (N .S .j) + 5 k ( W .S „ ) °  AT; 
(=11 + 5kT°) (N.jS.,j)°
(2 .2 )
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Fig, 2.21 Modified Shottky so lu tion  fo r  optogalvanic e ffe c t due to  Sodium 
Atomic T rans itions. The ca lcu la ted perturbation o f e lectron temperature AToo Gdetermines the change o f discharge input power, reproduced from Pepper .
The fig u re  shows the flow chart o f the ite ra t iv e  technique used to  solve fo r  T
III
! Optogalvanic effect versus (normalized) laser intensity for
various temperatures,in a sodium discharge (with and without radia­
tion trapping). External illumination is at the Na *'D "  line, argon 
pressure = 10 torr; "g = 10*^ cni“^; tube diameter = 1 cm.
Fig. 2.22 Calculated optogalvanic response Av/v fo r  sodium w ith  ir ra d ia t io n
33o f sodium 'D ‘ lin e  fo r  various sodium temperatures, reproduced from Pepper.
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where o superscrip t ind ica tes parameter w ithout ir ra d ia tio n  and A ( . m e a n s  
the d iffe rence  in  parameter brought about by ir ra d ia t io n . The summation is  
over the three species in  the discharge ("Atom no. 1 ", "Atom no. 2 ", i . e .  
three s ta te  s ing le  system and b u ffe r gas).
The assumptions are th a t is  independent o f p o s itio n  and lon g itu d in a l 
ambipolar d iffu s io n  and thermal d if fu s io n  is  sm all; volume recombination 
is  not considered and complete ion n e u tra liza tio n  a t the w alls  is  assumed. 
Uniform ra d ia tio n  at lin e  centre frequency over the f u l l  tube diameter and 
length is  assumed.
The case o f sodium vapour in  Argon b u ffe r gas is  considered a t 10 to r r
fo r  1 cm diameter tube. Figure 2.22 shows the predicted sa tu ra tion  o f the
'
optogalvanic response a t high in te n s it ie s  fo r  d if fe re n t sodium temperatures.
13This sa tu ra tion  has been observed in  cesium by Bridges and the close 
-agreement is  considered to  be fo rtu ito u s  by Pepper due to  the increased 
complexity o f the Cs system and va s tly  d if fe re n t operating parameters.
In contrast the s im pler phenomonological model o f Erez, Lavi and Miron 
depends only on the consideration o f a parameter which is  the e lectron 
m u lt ip lic a t io n  fa c to r (a) namely the number o f electrons generated a t the 
cathode by the avalanche caused by a s ing le  electrode em itted from the 
cathode. For steady s ta te  a = l , i f  a < 1  then current decreases and i f  
a > 1 then the curren t increases. The case o f constant voltage e x c ita tio n  
plus b a lla s t was considered (see la te r  chapter) ra the r than constant cu rren t 
so th a t, fo r  example, a cu rren t increase leads to  a voltage increase across 
the b a lla s t which resu lts  in  a curren t decrease and consequently a decrease
ocin  a; Erez e t a l re fe r to  th is  negative feedback e ffe c t as ‘ se lf-re g u la tio n *  
o f  a.
Only quasi-steady s ta te  v a r ia tio n  in  the small signal regime was 
considered and in  th is  re s tr ic te d  case a = 1  and da = 0 and, the re fo re ,
da = 9a 8a3V AV + an..
" i
An.. = 0 . . . . . . . .  (2 .3)
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where v is  the tube voltage, Av is  the optogalvanic s ig n a l, n.. are the 
various atoms and io n ic  populations and An., are the respective population
ordeviations from steady s ta te . Erez e t a l next made the assumption th a t a 
voltage increase leads to  an io n iza tio n  p ro b a b ility  increase and by summing 
a l l  leve ls  j  and tre a tin g  them c o lle c t iv e ly  as a bath, ce rta in  c h a ra c te r is tic  
energy re laxa tion  times (a fte r  ra d ia tio n  is  switched o f f )  are a l l  th a t is  
required to  complete the analysis g iv ing
" (n i -  n2)cri2 li2  ...................   (2 .4)d t Ti
" («2 -  n i)0 i2 Î i2  ............................... (2 .5 )dt Î2
where the lase r illu m in a tio n  is  resonant w ith  the tra n s it io n  1 ^  2 and 
n i and n2 , Ti and T2  are the population and re laxa tion  times o f the lower and 
upper leve ls respective ly . Ï 1 2  is  the lase r irrad iance and 0 x2  is  the o p tica l 
cross-section o f the tra n s it io n .
The temporal consequences o f th is  theory are In te re s tin g  and p re d ic t 
a t lea s t two time constants operating fo r  every OGE signal and most im portan tly  
fo r  the cw case the fo llow ing  p re d ic tio n s , assuming 1 to  be the lower leve l and 
n i > n2
1. Optogalvanic s ig n a l, Av is  negative w ith  respect to  I % 2  unless
e xc ita tio n  from a metastable leve l occurs whence i t  is  p o s it iv e .
D etailed sign changes can be predicted (due to  cu rren t or 
35pressure changes).
2. Time p ro f i le  o f optogalvanic s ig n a l, Av fo llow s the p ro f i le  
o f A I1 2  as long as changes are slow compared w ith  re laxa tion  
(chopped mode).
3. The optogalvanic signal Av is  p roportiona l to  (n% -  n2 ) and 
0 1 2 I 1 2  in  the small s ignal l im i t .
Empirical optogalvanic signals in  Argon were compared by Erez to  the 
phenomenological theory; the tra n s ie n t behaviour o f dye la se r, very short
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(< re laxa tion  times) puises illu m in a tin g  an Argon discharge and the OGE signal 
(re la xa tio n  time lim ite d ) was in  good agreement w ith  the theory and useful 
measurements o f the re laxa tion  times were made. This technique (and s im ila r  
methods) is  a w ell established method o f  es tab lish ing  molecular re laxa tion  
times, and the sub ject w i l l  be covered fo r  COg subsequently,
2.3 MOLECULAR LASER OPTOGALVANIC PERTURBATIONS
op pQThe in tro du c tio n  o f molecular lasers ' in  the e a rly  1960's provided 
fo r  the f i r s t  tim e, intense l ig h t  sources in  the middle in fra re d  spectra l 
region (10 to  100 pm); un like  the v is ib le  spectrum where arcs, e tc . provided 
re la t iv e ly  intense sources, no b r ig h t in fra re d  sources were ava ilab le  (fila m e n ts , 
g lobar, plasmas and mercury discharges) and consequently no o p t ic a lly  induced 
v - i perturbations due to  ir ra d ia t io n  w ith  in fra re d  ra d ia tio n  o f molecular 
discharges were reported p r io r  to  the a rr iv a l o f the molecular laser.
The e a r lie s t observation o f an optogalvanic e ffe c t in  a molecular discharge 
was due to  the pioneering lase r work o f Rigden and Moeller^^ which is  
noteworthy because o f the observation th a t the voltage (and curren t) o f the COg 
lase r am plify ing  discharge changed when the op tica l feedback was supplied 
( i . e .  when the laser was o s c il la t in g ) ;  th is  detection scheme where the 
.optogalvanic element is  the lase r a m p lif ie r  discharge is ,  in  many ways, 
optimum ( i .e .  the beam irrad iance  is  very high and an e f f ic ie n t ly  large 
volume is  f i l l e d  w ith  the l ig h t ) .  P reviously, S ch iffne r and S e ife r t^ ^ ,
Waksberg and Carswell^^ and Parks and Javan^^ had reported measurements o f 
the very strong coupling o f some discharge parameters (p a r t ic u la r ly  s id e lig h t 
in te n s ity )  and the resonant electromagnetic f ie ld , ,  but Rigden and M oeller 
gave the f i r s t  q u a n tita tive  measurements and suggested a possib le mechanism 
fo r  the optogalvanic e f fe c t in  COg lase r discharges.
The changes o f discharge parameters were given a s .va ria tio n  o f impedences 
which had magnitude up to  50% (constant voltage, cv, e x c ita t io n ) ; fig u re  2.31 
shows the measured plasma impedance w ith  and w ithout lase r ir ra d ia t io n  a t 
~ 50 W in  an external c e ll f i l l e d  w ith  pure CO^  and laser m ixture. The
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Fig. 2.31 F ir s t  measurement o f an o p t ic a lly  induced impedance va ria tio n  in  a 
molecular discharge. Changes o f ty p ic a lly  10% (and up to  50% in  extreme COg
absorption cases) were seen w ith  intense laser ir ra d ia t io n  o f 200 Wcm
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(b) The hypothesis th a t two time constants t . ,  and could approximate 
43the temporal behaviour.
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explanation provided by Rigden and M oeller uses a 'gas temperature' photon 
curren t coupling mechanism; the hypothesis sta tes th a t because a large 
proportion  o f e le c tr ic a l inpu t power (~10%), is  coupled out o f the discharge 
by stim ulated emission in to  the output beam, the discharge is  su b s ta n tia lly  
cooled. The gas cooling e ffe c t  is  large because the COg lase r is  p a r t ic u la r ly  
e f f ic ie n t .  Rigden and M oeller measured impedance changes brought about by 
changing the cooling w a ll temperature. I f  the w alls were heated the discharge 
impedance decreased, as was also seen by sw itching o f f  the 10.6 ym stim ulated 
emission (w ith  a s h u tte r).
A more thorough inve s tig a tio n  o f the discharge perturbations in  COg lase r
mixtures brought about by the generation o f  the laser beam was made, in  1967,
42by Carswell and Wood; - broadband s id e lig h t in te n s ity , discharge impedance, 
e lectron  density and probe measurements o f e lectron température were studied. 
The switched beam induced perturbations in  a l l  these parameters were measured 
as a function  o f discharge current and the primary mechanism o f o p t ic a lly  
induced curren t changes (OGE) iso la te d . This f i r s t  order change is  
subsequently am plified  by the negative d if fe re n t ia l v - i  c h a ra c te r is tic  when 
conventional constant voltage (cv) and b a lla s t e xc ita tio n  is  used. At low 
currents when the discharge impedance is  s tro n g ly  dependent on cu rren t, the 
cu rren t changes are am plified  by a large fa c to r , and the secondary re su lta n t 
s id e lig h t,  e lectron  density , e lectron  temperature and impedance changes are 
also am p lified . The "tru e " Impedance change (neglecting c i r c u i t  a m p lifica tio n  
which depends on b a lla s t value, e tc .)  was found by Carswell and Wood to  be 
~1.5% fo r  f u l l  o n /o ff laser pertu rba tion  (whereas a t low currents where the 
tube discharge impedance is  approximately equal to  the b a lla s t resistance 
the discharge could be d istingu ished when the laser f ie ld  was se t up, i .e .  > 
100% impedance change). The precise nature o f  s id e lig h t changes showed some 
complicated behaviour but no re su lts  were given and a reactive  component
(phase change) o f the current pertu rba tion  was described but not measured.
43K ind i, Leeb and S ch iffn e r investiga ted  gas compositional and pressure 
changes o f the optogalvanic e ffe c t in  COg lase r discharges. Conventional cw
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e x c ita tio n  was used and an in tra c a v ity  chopper switched the lase r beam o n /o ff. 
Current changes o f were measured and the beam chopped a t a ra te  o f 30 Hz.
U nfortunate ly, the gas compositional dependence was not conclusive and showed
some anomalous v - i perturbations which subsequently have not been observed 
by repeated experiments by other authors. The in te re s tin g  observation o f th is  
p a r t ic u la r  work was, however, the temporal nature o f  the induced curren t 
changes. Figure 2.32 shows ( in  the upper h a lf)  some o f the current 
flu c tu a tio n s  brought about by sw itching the laser f ie ld  ('v 30 Hz). At le a s t
two time constants can be seen to  operate and the lower p a rt o f Figure 2.32
shows how the sum o f two d if fe re n t temporal responses can q u a lita t iv e ly  
expla in  the complicated temporal behaviour. For the operating conditions o f 
20 mA discharge in  10 to r r  to ta l pressure the authors observed th a t two 
major mechanisms were present, one causing a curren t decrease and one causing 
a curren t increase when laser action is  stopped. The second time constant 
was seen to  " d is t in c t ly  exceed" the ra te  o f the f i r s t  (time constants ~ 1 ms 
and ~ 5 ms were suggested although poor signal to  noise o f th is  technique is  
given by authors to  imply the accuracy o f th is  re s u lt to  be order o f  magnitude). 
The mechanism explanation is  an io n iza tio n  theory (ra th e r l ik e  Penning,
Meissner, e tc .)  and the authors b r ie f ly  suggest th a t th is  would requ ire  th a t the 
ion density is  raised by increasing the population o f the 00°1 upper laser 
leve l and lowered by decreasing the population o f the lower lase r leve l (when 
the lase r f ie ld  is  switched o f f ) .  Reasonable agreement w ith  measurements o f 
life t im e s ^ ^  were noted and an attempt a t more exact analysis would require  
e ith e r  a t le a s t three independent mechanisms, or else gross n o n - lin e a r ity  
between leve l populations and discharge current.
S ch iffn e r^^ ’ ^^ also recorded COg la se r signatures (the array o f V-R 
tra n s itio n s  th a t o s c il la te  in  tu rn  w ith  adjusted cav ity  length, see 3.1) 
and measured the frequency response o f the current perturbations up to  10 kHz; 
th is  was achieved not by chopping, but by length modulating the lase r w ith  a 
p ie zo e le c tr ic  element (PZT) d riv in g  one m irro r. Figure 2.33 shows the 
amplitude and phase response o f OGE as a function o f frequency and Figure 2.34
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Fi g. 2.33 Amplitude and phase response o f COg laser optogalvanic e ffe c t as 
measured by S ch iffne r.
+  80 V
Fig. 2.34 Laser signature (length selected lin e  pa tte rn ) recorded by o p tica l 
detecto r (low er), conventionally (using HgCdTe detector) and optogalvanic 
detection (upper) from 'COu Laser Signatures: Calculations and Experiments' by
S ch i f fner .45 '46
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shows a comparison o f a signature showing parabolic l in e  segments as 
detected o p t ic a lly  and w ith  tube voltage perturbation technique.
Pulsed COg laser pertu rba tion  o f lase r discharges has been studied 
by Gower and Carswell^^ using a TEA COg laser to  provide short intense 
10 ym pu lses.to  probe a low pressure COg-N-He continuous discharge.
Discharge current perturbations (OGE) as w ell as s id e lig h t spontaneous 
emission flu c tu a tio ns  were stud ied. Data from these re la xa tio n  experiments 
was used to  augment known re laxa tion  rates from shock tube, u ltra so n ic  
dispersion and spectrophonic te c h n iq u e s .C u r re n t  flu c tu a tio n s  (temporal 
in fo rm ation) gave r is e  and f a l l  times (x i and x^ respective ly ) predicted 
to  be
Ti"^ = kio p n ^rio  (s”  ^ to r r " ^ )  ........................   (2 .6)
X2~^ = a i l  = k2i  p + Hg(r2 i  + rzo)  ......................... (2 .7)
where k is  a molecular c o ll is io n  ra te  and r  denotes an in e la s t ic  e lectron  
c o ll is io n  rate and p is  pressure fo r  a pure COg discharge (see Figure 2.35). 
When reciproca l OGE r is e  time is  compared to the p a r t ia l pressure o f HgO 
o r CO in  the COg discharge only a narrow range o f pressure gave s tra ig h t 
lin e  behaviour.. The slopes o f these lin e s  (Figure 2.36) give the average 
molecular V-T rates from leve ls  1 and 2 in  the discharge. E xtrapo la tion  to  
zero gave information about the e lectron  deactivation ra te  which was found
- 6  3 - 1by th is  method and from s id e lig h t perturbations to  be 'v 10 cm s (not 
previously measured fo r  COg). Detailed inform ation on the ro le  o f  HgO in
lase r discharges was analyzed showing th a t fo r  pure COg
“ 11. Pj^  Q < 0.4 to r r ;  x i increases lin e a r ly  w ith  p a r t ia l 
HgO pressure
-12. Q > 0.4 to r r ;  x% does not increase s ig n if ic a n t ly .
In case (1) the lower complex V-T process
COg (01^0) + M k'" COg (000) + M ......................................(2 .8)
C02(10°0) + C02(00°0) = 2002(01^0) + 53.2 cm" . . (2 .9 )
Energy
w >03 3^0w
Ho
X=CO or Ng
Fig. 2.35 Four leve l k in e t ic  model o f C0« discharge showing no ta tion  o f rates 
elc?*®  "
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Fig. 2.36 Reciprocal, cu rren t pertu rba tion  r is e  time as a function  o f H^ O 
and CO p a r t ia l pressure a t 10 to r r  and 20 mA.^^
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Fig. 2.37 Laser pulse e x c ita tio n  o f curren t o s c illa tio n s  in  COgiNgiHe 
am plify ing m ixture as described below, occurs in  two frequency regimes 
30 to  50 kHz and 2 to  3 kHz.5°
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F ig . 2.38 Discharged gas temperature (s p a tia lly  averaged) measured by ra d ia l 
propogation o f acoustic waves generated by short laser pulses as a function  o f 
pressure and curren t fo r  a m ixture COgiHe (1:4) and COgiNgiHe (9 .5 :1 2 .5 :7 8 ).^^
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must dominate the ra te .^^
Gower and Carswell also reported fo r  the f i r s t  time observations o f  
p e rio d ic  damped o s c illa tio n s  a fte r  pulse absorption/gain in  both s id e lig h t 
and discharge current and these e ffe c ts  were most pronounced immediately 
a f te r  the rece iv ing  discharge was switched on (minimized ~ 1 minute a fte r  
switch on). No such o s c illa tio n s  in  He or Ng were seen, the re fo re , induced 
(second order) COg population flu c tu a tio n s  seem a l ik e ly  explanation.
Figure 2.37 shows th a t these o s c illa tio n s  occurred a t low (2 to  3 kHz) 
frequency and high (30 to 50 kHz) frequency fo llow ing  e xc ita tio n  w ith  a 
short lase r pulse; 50 kHz o s c illa tio n s  were observed also by Aoki^^ and
CAa ttr ib u te d  to  ra d ia lly  propogating acoustic waves. Gower and Carswell 
u t i l iz e d  th is  phenomenon to  measure the average gas. temperature (see 
Figure 2 .38 ), as a function  o f discharge current and pressure fo r  'pure '
COg and laser m ixtures. By winding a sensing c o il around the discharge 
tube and moving th is  from cathode to anode the authors found an antiphase 
re la tio n sh ip  between induced EMF and s id e lig h t fo r  the 2 to 3 kHz 
o s c illa t io n s  which could not be a ttr ib u te d  to  acoustic waves. The fo llo w in g  
possib le explanations were proposed
511. Varia tions in  e lectron density proposed by Vesley fo r  
HeNe (s im ila r  to  moving s tr ia t io n s ) .
2. Plasma 'wobbling' a t the cathode and re su lta n t current 
flu c tu a tio n  possib ly due to  above.
3. Ringing in  e x c ita tio n /lo a d  c i r c u i t  (u n lik e ly  as b a lla s t 
was changed by fa c to r o f 10).
4. U n iden tified  lon g itud ina l acoustic wave (u n lik e ly  as length 
was changed).
Another possible explanation in  the l ig h t  o f th is  work w i l l  be given in  
6 .3 . The authors also note tha t s t r ia t io n  noise in  OGE measurements was 
troublesome p a r t ic u la r ly  a t currents above 20 mA in  pure COg.
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2.4 SUMMARY OF PROPOSED MECHANISMS -  OPTOGALVANIC EFFECT IN CO*
LASER DISCHARGES
This b r ie f  survey o f the proposed explanations o f th is  e ffe c t is  an 
overview o f the la s t f i f te e n  years and de ta iled  discussion and comparison 
w i l l  be made in  several parts o f th is  work, p a r t ic u la r ly  in  Chapter 7 
where a f u l l  q u a n tita tive  theory o f th is  e ffe c t is  presented.
The extensive inve s tig a tio ns  o f  Brooks^^ and Smith and Brooks^^ have 
helped c la r i f y  the evidence ava ilab le  which allows d isc rim ina tion  o f the 
three main th e o r ie s ,tw o  o f which have been b r ie f ly  given treatment so fa r ;  
the three major proposed mechanisms can be named
1. Ion iza tion  theory
2. Gas temperature theory
3. Momentum exchange theory.
The io n iza tio n  theory dates back to  Penning and Meissner and assumes 
th a t the io n iza tio n  rates during discharge, fo r  the lase r leve ls  are 
d if fe re n t ;  th is  explanation fo r  e le c tro n ic  tra n s itio n s  in  atomic discharges 
is  both w e ll developed and documented. As the lase r ra d ia tio n  perturbs 
d ire c t ly  some o f the leve l populations and subsequently coupled le v e ls , then 
the o ve ra ll io n iza tio n  o f the gas changes and, as a re s u lt ,  the discharge 
v - i c h a ra c te r is tic  is  a lte red . This mechanism was f i r s t  proposed fo r  the 
COg lase r e f fe c t by Kindi e t a l^^  and fu r th e r  described by Kerecman e t a l^^ . 
The required assumptions are th a t the io n iza tio n  o f  the lase r leve ls  (00°1, 
02°0, 10^0) and c lose ly  coupled leve ls  is  adequately large compared to  ground 
s ta te  io n iza tio n  and th a t the upper and lower laser leve ls  (o r s e le c tiv e ly  
coupled leve ls ) have s ig n if ic a n t ly  d if fe re n t rates o f io n iz a tio n . I f  th is  
5 : requi rement  is  s a tis f ie d  then p o s itive /nega tive  pertu rba tion  brought about 
by gain /absorption can be q u a lita t iv e ly  described. These requirements are 
s a t is f ie d  in  most atomic systems where (a) the ro le  o f metastables in  gross 
io n iz a tio n  is  dominant, (b) where the lase r tra n s itio n  is  not much below 
the io n iza tio n  l im i t  and (c) there are other very c lose ly  coupled leve ls
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( i . e .  metastable) which have very d if fe re n t ion iza tion  rates. Explanation 
o f the COg laser molecular discharge by th is  theory is  problematic: the 
io n iza tio n  l im i t  is  almost two orders o f magnitude above the laser leve ls  
in  energy (0 .2 and 13.7 eV); there are many v ib ra tio n a l-ro ta tio n a l coupled 
leve ls  to analyze and there is  no evidence to suggest th a t the upper and 
lower lase r leve ls have su b s ta n tia lly  d if fe re n t ion iza tion  ra tes . Crane^^ 
has suggested th a t excited Ng leve ls  close to  the ion iza tio n  l im i t  may be 
c o ll is io n a lly  mixed w ith  the metastable (v ib ra tio n a l ground s ta te ) X 
leve ls  o f Ng and would be subsequently perturbed, but Bleekrode^^ 
demonstrated th a t the l ife t im e  o f these e le c tro n ic  leve ls is  approximately 
three orders o f magnitude sm aller than the v ib ra tion a l metastable le ve ls ;
th e re fo re , mixing is  improbable.
57Recently Nowicki has attempted to determine a s u f f ic ie n t  coupling 
route from the 00^1 upper lase r leve l to  the ionized population in  order 
to  implement an io n iza tio n  explanation fo r  the changes o f s id e lig h t and 
discharge curren t in  COg laser discharges. The analysis consists o f a 
complete set o f ra te  equations (nine populations) fo r  which a s ta tio n a ry  
so lu tio n  is  found by e lim ina tio n  o f most va riab les. Use is  made o f 
experimental v - i measurements (a f te r  Lawler^^) during the s im p lif ic a t io n  
process. L i t t le  experimental evidence was given and the ca lcu la ted 
co rre la tio n  o f discharge curren t w ith  lase r output power is  the same as 
given by Lobov (momentum exchange theory) and the gas temperature 
exp lana tion ;^^ the conclusion o f Nowicki is  th a t a f te r  surveying many l ik e ly
3energy le v e ls , the nitrogen N2 (B n^) leve l dominates in  the ion creating 
process. A ll other s ig n if ic a n t leve ls  have rates two orders o f magnitude 
o r more lower. The conclusion^^ fo llow s Crane^^ in asserting th a t th is  
excited Ng leve l which can c o ll is io n a lly  mix w ith  the metastable 
v ib ra tio n a l leve l re su lts  in  ion ized population changes coupled to  
v ib ra tio n a l energy leve l changes.
There are three reasons why th is  explanation is  not adequate to  exp la in  
the em pirica l evidence fo r  COg optogalvanism:
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1. When CO is  subs titu ted  fo r  Ng the optogalvanic e ffe c t is  unchanged
(w ith in  5%). This is  demonstrated in  Figure 8.16.
3 . .2. The re levant life t im e s  fo r  Ng (B n^) and states are
~ 9 X 10 ^s and 10~^s The frequency response o f COg 
OGE should decay a t 'v 100 Hz. A ll a u t h o r s h a v e  found
3responses up to  ~ 1 to  5 kHz.and although the N2 (B n^) l ife t im e  
is  s u f f ic ie n t ly  fa s t to support the o p tic a lly  induced io n iza tio n  
changes up to the high frequency (~ 100 kHz) demonstrated in  
th is  work the X^Eg ionized leve l time constant is  not comparable.
In p r in c ip le , io n iza tio n  population changes ( i f  they can occur) 
should produce curren t changes a t rates ~ 1 ^s. I f  another 
route was contemplated then the upper frequency l im i t  o f OGE should be 
1 to  2 orders o f magnitude higher than th a t observed.
3. A t low currents the OGE signals can be la rg e r fo r  a given o p tica l 
change and Smith and Brooks^^ and Carswell and Wood^  ^ have 
observed th is  e ffe c t ;  i t  is  presented in  d e ta il in  Chapter 8 o f 
th is  work. The io n iza tio n  explanation pred icts an OGE signal 
turnover a t low/medium currents 10 mA. This signal reduction 
has not béen observed in  these o r any previous inve s tig a tio n s .
The gas temperature explanation, however, does p re d ic t the 
observed behaviour.
The gas temperature theory o rig ina tes  w ith  the f i r s t  observation o f the
COg lase r OGE by Rigden and Moeller^^ and begins w ith  the idea th a t the
generation o f an intense lase r beam is  a major energy loss process (10 to
25% e ffic ie n c y ) and, the re fo re , considerable cooling o f a m p lifie rs  (and
heating o f strong absorbers) should occur, su b s ta n tia lly  a lte r in g  the thermal
balance o f the discharge. By changing the discharge tube wall temperature
58s im ila r  changes o f discharge impedance were observed. Aoki e t al have 
investiga ted  th is  theory in  some d e ta il using an in tra c a v ity  COg absorption 
c e ll in  a Q-switched CO2  lase r (a pulsed ra the r than cw experiment). The 
proposed explanation was th a t fo r  a gain medium the upper CO2  lase r leve l
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(00°1) population is  reduced and the lower lase r leve l (10°0) population is  
increased (and vice versa fo r  absorption). Normal re laxa tion  from the 00°1 
leve l is  v ia  V-T processes which re s u lt in  heating the gas (by provid ing a 
tra n s la tio n a l energy fra c tio n ) and th is  re laxa tion  process is  in  d ire c t 
competition w ith  the lase r tra n s it io n  (which also depletes the 00°1 population) 
Therefore, as the laser gives up v ib ra tio n a l energy to  photon generation, 
energy is  taken away from the heating process and the gas is  cooled (k in e t ic  
co o lin g ). The time constant fo r  the re la xa tio n  o f th is  leve l population is  
the V-T life t im e  ~ 0.5 ms depending on pressure, m ixture, temperature, e tc .
Conversely, as the (10^0) lower la se r leve l population increases (w ith
laser ac tio n , in  gain) then the normal V-T re laxa tion  from th is  leve l is
increased, re su ltin g  in  more tra n s la tio n a l energy supplied to  the gas
(k in e t ic  heating). The time constant fo r  the re laxa tion  o f th is  leve l
population by V-V-T and V-^ T re laxa tion  is  ~ 10 ps. O vera ll, there is  a net
loss o f tra n s la tio n a l energy ( i .e .  cooling) because ~ 10 to  25% is  given up
43to  the beam. Previously Kindi e t al had recognized two d if fe re n t time 
constants and Aoki e t a l^^  studied th is  in  some d e ta il and found a reasonable 
co rre la tio n  w ith  the predicted re laxa tion  times. The gas temperature theory 
does account fo r  p o s itive  and negative perturbations fo r  gain and absorption, 
but Aoki e t al and Rigden and Moeller d id  not explain how the discharge 
curren t was modified by these changes in  thermal balance.
COSmith and Brooks suggested th a t a change o f gas tra n s la tio n a l energy
(temperature) would cause.a loca lized  number density change ( in  the ra d ia tin g /
ir ra d ia te d  volume) and th a t th is  would lead to  a gross pressure change in  a
59sealed lase r tube (optoacoustic e ffe c t -  Gebhardt and Smith ). For a 
decreasing temperature ( la se r in  gain) an increase in  number density would 
occur which re su lts  in  a decrease o f e lectron  mean free path and e lectron  
m o b ility .
The momentum exchange theory is  due to  Lobov e t a l^^  and proposes no 
changes in  io n iza tio n  and no density change, but only perturbations o f the 
energy exchanged per in e la s t ic  c o ll is io n  o f molecules w ith  e lectrons.
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The e lectron  m o b ility  (b^) depends on th is  process and any change o f 
exchange momentum would re s u lt in  a change o f e lectron m o b ility  and subsequently 
discharge v - i ch a ra c te ris tics . The e lectron m o b ility  is  given by
bg = C (eX/mE)^ (X)&  (2.10)
where C is  a constant depending on the e lectron d is tr ib u tio n  fa c to r , e, X and 
m are the e lectron charge, mean free path and mass; E is  the acce lera ting 
e le c t r ic  f ie ld  and X is  the average energy imparted by an e lectron  to  a 
molecule per c o ll is io n . Lobov^^ considered no change o f X or number density 
and p red ic ts  w ell the change in  discharge voltage o f 10 mV/W when a COg 
a m p lif ie r  was used as an external de tector, which was measured as 8 mV/W.
This correspondence was probably fo r tu ito u s , bearing in  mind th a t the 
ir ra d ia te d  volume and lase r beam parameters were not measured (o r known) and 
various processes were ignored.
Smith and Brooks used an external c e ll o f s im ila r  dimensions to  a 
conventional a m p lifie r (see Figure 2.41) and measured pressure changes in  
the c e ll as w ell as current and s id e lig h t changes. Changes in  pressure were 
measured by a fa s t response MDC capacitance manometer coupled to the discharge 
re se rvo ir volume. The pressure flu c tu a tio n s  were corrected fo r  the volume 
fa c to r  (the ra t io  o f ir ra d ia te d  to  non-irrad ia ted  volume). Good agreement 
o f  experimental resu lts  w ith  the gas temperature theory was found (see 
Figure 2.42) fo r  currents > 10 mA (20 mA/cm^) and the number density changes 
were found to  provide a s u f f ic ie n t  mechanism in  th is  pressure regime. From 
the e lectron m o b ility  equation the discharge current is  ju s t
1 = rigAeEbg = C^(EX)^(X)^ ........................................  (2 .11)
provided X and X changed due to  perturbations o f the COg v ib ra tio n a l 
populations; n^ is  the e lectron density; A is  the tube area and another 
constant dependent upon the e lectron  d is tr ib u tio n  fa c to r. Assuming th a t the 
o p t ic a lly  induced current f lu c tu a tio n  Ai depends only on X and x by taking 
increments and using X « p"^ (where p is  gas pressure)
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Fig. 2.41 Apparatus used by Smith and Brooks to measure changes o f 
s id e lig h t (spontaneous em ission), discharge current and gas pressure in  
a sealed 'la s e r  l ik e ' discharge o f pure COg or CO ,^ Ng, He, Xe,
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Fig. 2.42 Gas temperature theory p red ic ts  th a t i / d i  ~ -  2 p/dp shown as 
dotted lin e  compared w ith  experimental resu lts  o f Smith and Brooks.
29
4  "    (2.12)
Figure 2.41 shows some experimental re su lts  o f Smith and Brooks.; provided 
i  > 10 to  20 mA then the slope o f p/dp vs i / d i  is  close to  -2 , as would be
predicted by the previous equation i f  AX/X «  Ap/p; Smith and Brooks 
conclude th a t a t higher currents the number density flu c tu a tio n  is  the 
primary mechanism producing curren t flu c tu a tio n s . A d d it io n a lly , i t  was 
found th a t p a r t ic u la r ly  fo r  mixtures inc lud ing  Xe and Hg th a t a t low currents 
another mechanism was s ig n if ic a n t ,  and because the io n iza tio n  mechanism should 
be most im portant a t h igher current densities i t  is  concluded th a t th is  o ther 
mechanism is  l ik e ly  to  be the momentum exchange mechanism (as proposed by 
Lobov e t a l^ ^ ) . I t  was not determined whether th is  e ffe c t was due to  e lectron  
c o llis io n s  w ith 00°1 or 10°0 populations (o r both) and c lose ly  coupled 
populations* o r i f  the a lte red  momentum exchange was a d ire c t consequence o f 
the pressure flu c tu a tio n  but, because time constant lim ita tio n s  o f OGE a t 
low currents were comparable w ith  the 00°1 V-T re laxa tion  ra te  then the f in a l 
hypothesis seemed most l ik e ly .  The decisiveness and elegance o f the Smith 
and Brooks experiments (which included a vast study o f s id e lig h t pertu rba tions^^) 
re s u lt in g  in  strong evidence in  favour o f the gas temperature mechanism as 
the dominant process, was la rg e ly  due to  the use o f a constant curren t PSU fo r  
dc e x c ita tio n , which removes many ambiguities in  measurement which had become 
a c h a ra c te r is tic  ( i f  notorious) feature o f the l ite ra tu re  on th is  sub jec t; a 
d e ta ile d  discussion o f e xc ita tio n  w i l l  be given in  3.2.
To summarize, the gas temperature explanation was favoured by Smith and
Brooks as the primary optogalvanic mechanism in  COg lase r discharges fo r  the 
fo llo w ing  reasons:
1. Pressure flu c tu a tio n s  were known to  occur w ith  ra d ia tio n  f ie ld  
changes (optoacoustic e ffe c t)  and have been c a re fu lly  measured.
The sign and slope o f A i / i  vs Ap/p agrees w e ll.
2. The decay o f the OGE signal a t 'v l kHz is  commensurate w ith
the upper laser leve l re laxa tion  time ( i .e .  the V-V-T process 
is  c lose ly  re la te d ).
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3. The ion iza tion  rate o f the laser leve ls is  not s ig n if ic a n t ly  
d if fe re n t from the other leve ls in  the system.
4. Ion iza tion  l im i t  is  very much h igher energy than lase r leve ls
and se lec tive  coupling channels are not known to  e x is t.
The momentum exchange mechanism probably contributes s ig n if ic a n t ly  a t low 
currents and the sign o f the co n tribu tio n  is  opposite to  the io n iza tio n  
p re d ic tio n .
2.5 OPTOGALVANIC MOLECULAR LASER STABILIZATION - PREVIOUS WORK
Following the observation o f a molecular V-R tra n s it io n  optogalvanic
e ffe c t in  pure COg and COg laser m ixture discharges by Rigden and M oeller^^,
a COg lase r was f i r s t  a c tiv e ly  s ta b iliz e d  by u t i l iz in g  th is  e ffe c t  by
Skolnick^^ in  1970. Previously, COg lasers had been a c tiv e ly  s ta b iliz e d ,
by using an o p tica l detector, to  the lase r lin e  centre o r to  a spectra l
feature in  an absorbing gas,^^*^^ and the technique o f frequency modulating
e x te rn a lly^^  la te r  resulted in  a s ta b iliz e d  beam w ithout d ith e r. By 1970
Freed and Javan^^ had observed the low pressure Lamb dip in  the 4.3 iim
(00°1 to  00°0) tra n s itio n s  o f COg in  an external c e ll which has become a
66major s ta b iliz a tio n  scheme fo r  the CO2  lase r.
The optogalvanic s ta b iliz a tio n  system used by Skolnick was e le c tro n ic a lly  
conventional; i t  used the change o f lase r output pow er/in tracav ity  in te n s ity  
in  order to  generate the frequency e rro r s ignal (frequency s h i f t  from 
o s c il la t in g  lin e  centre) w ith  phase inform ation to d is tin g u ish  i f  the 
o s c il la t in g  mode frequency was high or low. As the s ing le  lase r mode (see 
Chapter 4 ) is  tuned across the laser l in e  gain p ro f i le ,  the lase r in tra c a v ity  
power changes and th is  resu lts  in  a current c h a n g e .S k o ln ic k  se t up a 
phase locked loop by feeding an ac modulation signal (500 Hz) to  a lin e a r  
PZT element which subsequently d ithered  one o f the laser m irro rs and th is  
generated an ac flu c tu a tio n  o f lase r in te n s ity . The re su lta n t ac voltage 
changes were ca p ac ita tive ly  coupled from the discharge tube and fed to  a 
lo c k - in  a m p lif ie r referenced to  the modulation frequency. The 45 cm long
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sealed laser was f i t t e d  w ith  fo u r NaCl Brewster prisms to  ensure s ing le  lin e  
operation. The lase r produced 2 W output beam from 8 mm diameter tube and 
a 9 kV p o ten tia l sustained the COg, Ng, He, Hg discharge. The frequency 
modulation due to  d ith e r was ca lcu lated to  be ~ 2 MHz excursion. The maximum 
gain slope signal was ± 1 0  V (w ith  the above modulation) o r 0.25% flu c tu a tio n  
w ith  a cv supply. Simple passive f i l t e r in g  and dc a m p lifica tio n  were required 
before the e rro r  signal could be applied to  the PZT and th is  simple servoloop 
(when closed) produced a stab le lock to  lin e  centre and, although no de ta iled  
performance figu res  o f the system were measured, an estimated 50 kHz/hour 
d r i f t  ra te  (ignoring  modulation) was given,
Thomason and Elbers^^ described a s im ila r  but s im p lif ie d  system (w ith  
simply constructed PSD and a m p lifica tio n  e tc .)  w ithou t ex tra  d ispersive 
elements, other than the la se r ca v ity  i t s e l f ,  fo r  a c tiv e ly  s ta b il iz in g  a 
commercial S ilvan ia  948 COg lase r. By e lim ina tin g  the need fo r  prisms, 
g ra tings , in fra re d  de tecto r, o r commerc ia l lo ck -in  a m p lif ie r  these authors 
stress the great improvement o f long and short term amplitude and frequency 
s ta b i l i t y  obtained inexpensively (< $150),^^*^^ (see Figure 2,51).
The Thomason and Elbers system allowed o f f - l in e  centre s ta b iliz a t io n  by 
locking the lase r mode to  lin e  centre and adding in to  the in te g ra to r (where 
the e rro r is  stored) in p u t a dc voltage to  o ffs e t the ze ro -e rro r locking  po in t. 
This optogalvanic system un fo rtunate ly  was not performance tested although the 
damping tin% o f the servo was measured to  be 1 to  1.4 s and using th is  passive 
e rro r  observation, a longer than 1 s response to  frequency d r i f t  step should 
be 'v 0.5 MHz; another l im ita t io n  noted was th a t a 2% to ta l change o f 
modulation o s c il la t io n ,  gain o f servo a m p lif ie r  and lase r power ( r e a l is t ic  
estim ation o f operating va ria tio n s ) would imply a < 1 MHz d r i f t  when lin e  
centre s ta b iliz e d .
Several experimenters have used s im ila r  s ta b iliz a t io n  schemes fo r  COg 
lase r s ta b iliz a t io n  w ithou t p u b lica tio n . Notable amongst them is  Hart^^ fc 
inve s tig a tio ns  in to  d if fe re n t and novel detection coupling methods.
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Fig. 2.511 (1) How the transverse mode can have a lower gain away from lin e  
centre. I f  both tra n s itio n s  are near lin e  centre then the gains w i l l  be almost 
equal, (b) In te n s ity  p ro file s  (by ro ta tin g  m irro r technique) o f (a) OGE 
s ta b iliz e d  o ffs e t mode contro l and (b) conventional i r i s  mode c o n tro l.^0
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2.51 OTHER TECHNOLOGICAL APPLICATIONS
The e a r lie s t applications include Penning's neon p u r ity  measurement
system, previously discussed, s t r ia t io n  suppression and easie r s ta r t in g  by 
12Kenty. With respect to  molecular discharges the e a r lie s t published
42a p p lica tio n  is  due to Carswell and Wood who suggested th a t the lase r beam
contro l o f discharge current in  a c e ll could be used in  a s im ila r  fashion
to  the g rid  contro l o f current in  a therm ionic tr io d e ; the add itiona l large
c ir c u i t  am p lifica tions (due to  the negative d if fe re n t ia l impedance) may be
useful fo r  th is  app lica tion  or used alone as a two term inal a m p lif ie r  (ra th e r
71lik e  a varactor diode, e tc .) ,  Jacobs e t al also suggested in  1967 th a t
33these discharges could make su itab le  ra d ia tion  detectors. Pepper has
recen tly  introduced the idea o f isotope separation by OGE,
72Stefanov f i r s t  suggested th a t curren t changes could be used fo r  
detection o f laser action (near thresholds) and optim ization o f m irro r 
alignment. This work shows th a t fo r  a low gain laser tra n s it io n  in i t ia l iz a t io n  
o f lase r action is  most e a s ily  achieved w ith  two to ta l re fle c to rs  and, as a 
re s u lt ,  no o p tica l output is  ava ilab le  and a v - i pertu rba tion  is  simply 
observed and has a fa s t time response (compared to  p y ro e le c tr ic  and thermopile 
de tecto rs). A mechanical chopper (<v 300 Hz) and a very high s ta b i l i t y  PSU 
(~ 2 mV/kV) was used as the measurement system.
Stefanov notes th a t no alignment or re fr ig e ra tio n  is  necessary fo r  IR 
detection and th a t an OGE signal was s trong ly  observed a t 3.39 ym in  HeNe.
Early gain investiga tions were made in  waveguides 2 mm diameter English 
E le c tr ic  tubes) f i l l e d  w ith  various mixtures and excited a t d if fe r in g  curren ts. 
With two to ta l re fle c to rs , losses '^ 1^% (h a lf  round t r ip )  are claimed and, 
the re fo re , laser gains ~1% were observed and were compared by studying 
cu rren t changes; m irro r alignment in  th is  case was manual but extension to  
an automated system is  e a s ily  v isua lized .
A Thomason and Elbers s ta b iliz a tio n  system was used in  1976 
by Massig^^ to  s ta b iliz e  a COg lase r o f f  lase r l in e  centre, not to  improve 
frequency s ta b i l i t y ,  but in  order to  suppress transverse modes. Many laser
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app lica tions require  s ing le  frequency operation and in  order to  se lec t one 
lin e  a g ra ting  is  normally chosen o r the cav ity  is  kept short (see Chapter 
4.1) as the signature e ffe c t adequately selects one lase r lin e  which best 
matches the length conditions. Simultaneous o s c il la t io n  on several 
lo n g itu d in a l modes is  also suppressed by shortening the lase r ca v ity  by 
increasing the mode separation to  g reater than the tra n s it io n  lin ew id th .
Higher order transverse modes are usually suppressed w ith  an in tra c a v ity  i r i s  
which increases the d if f ra c t io n  losses o f these modes and gives preference 
to  the ax ia l (TEM^^) modes, Massig reports th a t fo r  the p a r t ic u la r  experiment 
in  consideration (forward sca tte rin g ) the i r i s  reduced output power considerably 
and resu lted  in  a non-Gaussian d if f ra c t io n  pattern fo r  the lowest order s ing le  
mode output beam, and re s u lt in g  s i delobes produced g re a tly  increased beam 
divergence.
In some resonators not inc lud ing  concentric and p lanar/p lanar
( i .e .  many cases) i t  is  in  p r in c ip le  feas ib le  to d iscrim inate  sp e c tra lly
the d if fe re n t transverse modes because the transverse mode frequencies are
not the same. Figure 2.511(a) shows how the small s ignal gain o f one mode
w i l l  excede the o ther mode as long as the modes are sh ifte d  away from lin e
centre. For the system described by Massig the TEM^  ^ and TEM^  ^ mode frequency
d iffe rence  is  ~ 15 MHz ( ty p ic a l)  and an o ffs e t o f 20 MHz o f the TEM^  ^ mode
was s u f f ic ie n t  to  suppress the TEM^  ^ mode. The exact o ffs e t can be ca lcu la ted
by tak ing  in to  account the gains and losses o f the two or more modes being
73considered. Figure 2.511(b) shows a comparison o f the active  o ffs e t 
(optogalvanic s ta b il iz e r )  technique and the i r i s  technique noting th a t the 
in te n s ity  p ro f i le  approaches Gaussian much more c lose ly than the i r i s  technique,
Massig used a d if fe re n t o ffs e t c i r c u i t  (to  Thomason and E lbers): an ac 
signal a t modulating frequency was in je c te d  in to  the inpu t along w ith  the OGE 
s ig n a l. Ad justing the amplitude o f th is  ac input varies the o ffs e t by 
generating a fixe d  dc p o in t a t the in te g ra tio n  (a lte rn a tiv e ly , i t  can be seen 
as sub trac ting  from the allowed non-zero e rro r signal a t the in p u t).
This mode improvement technique was found to  be superior to  any other
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method and Massig suggests a shortening o f the cav ity  (beyond 80 cm) in  order 
to  increase the transve rse-ax ia l mode frequency d iffe rence .
2.6 FUNDAMENTAL REASONS. FOR FAVOURING OPTOGALVANIC EFFECTS
There are many reasons why OGE detection is  preferred to  conventional 
o p tica l methods, i .e .  s o lid  s ta te  photon detectors, and these f a l l  in to  two 
broad categories: fundamental and technolog ica l. Some major fundamental 
reasons are lis te d  below w ith  b r ie f  explanations.
1. OGE is  a resonant de tector. Only signals w ith  wavelengths 
resonant w ith  the chosen tra n s itio n s  o f the de tector are 
measured. This has im portant consequences fo r  the detection 
o f low power narrow band signals in  the presence o f intense 
signals detuned from the narrow detection band. This is
a major reason fo r  using OGE as a s ta b iliz a tio n  e rro r 
detector.
2. OGE is  not necessarily  fundamentally wavelength se n s itive ; 
most op tica l detectors are i . e .  COg 10P(20) and 10P(12) 
ra d ia tio n  can be compared in  power d ire c t ly .
3. The detector bandwidth may be adjusted. For example, by 
ad justing the pressure o f the receiving gas the bandwidth 
o f the COg V-R tra n s itio n s  can be adjusted ( in  p r in c ip le )  
from 'v 1 MHz (0.2 to r r  Lamb dip) to  ~ 5 THz (~ 12 atmospheres) 
when the COg lin e s  coalesce. This consideration w i l l  be 
made in  Chapter 9 .1 .
4. L in e a rity  o f e le c tr ic a l s ignal w ith  beam in te n s ity  often 
ex is ts  over a very wide range. I t  is  th is  major property 
along w ith  the in a b i l i t y  to  damage the detector which makes 
the e ffe c t su itab le  fo r  s ta b iliz in g  high power COg lasers 
(inc lud ing  TEA la se rs ).
5. The quantum e ff ic ie n c y  is  th e o re tic a lly  and p ra c t ic a lly  
h igh. In the con figu ra tion  used in  these experiments
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almost every photon th a t Is absorbed (o r am p lified) 
should produce an e le c tr ic a l change. In p ra c tice , 
the amount o f energy lo s t o r gained during gain o r 
absorption determines the numbers o f photons being 
used in  the detection process. The energy lo s t  (o r 
gained) by these photons d ire c t ly  changes, to  the 
f i r s t  order, the temperature o f the gas being 
discharged. The re la tio n  between discharge temperature 
and the v - i c h a ra c te r is tic  depends on the p roperties 
o f the discharge and the e xc ita tio n  scheme. In some 
cases, signal a m p lifica tio n  o f 10 to  1000 times can 
occur.
In add ition  to these fundamental reasons supporting OGE techniques, 
there are several important technological advantages which are l is te d  below.
2.61 TECHNOLOGICAL ADVANTAGES OBTAINED WITH OGE TECHNIQUES
1. OGE is  a d ire c t e le c tr ic a l technique. In most 
rad ia tion  detection schemes there is  an intermediate 
stage, e.g. the Golay detector, where ra d ia tion  is  
converted in to  gas pressure changes which are 
subsequently changed in to  e le c tr ic a l s ignals by a 
moving c o il transducer mounted on a f le x ib le  diaphragm.
2. OGE is  p a r t ic u la r ly  v ib ra t io n a lly  in se n s itive  and not 
microphonie. This is  due both to  the d is tr ib u te d  
nature o f the detection element and because o f the 
sp a tia l coincidence w ith  the l ig h t  source ( in  the 
case o f the o s c il la to r ) .  Many o p tica l detectors, e.g. 
p y ro e le c trics , are also p ie zo e le c tr ic  and very 
susceptib le to microphony.
3. Wide e le c tr ic  bandwidths can e a s ily  be achieved. In 
these COg experiments ac detection up to frequencies
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o f 100 kHz was achieved. Many thermal detectors [due 
to  th e ir  high capacitance) are slow when large areas
and powers are being detected. For example* a 0.5 cm^
p y ro e le c tr ic  element would be unusable, ty p ic a lly  a t 
frequencies above 500 Hz.
4. The OGE detector is  rugged and cannot be damaged by 
very intense o p tica l beams due to  the gaseous nature.
This fa c to r may be essentia l when TEA pulses must be 
shared by the same op tica l system.
5. The OGE detector is  both simple and cheap. In add ition
the properties should not age. For s ta b iliz in g
o s c illa to rs  the discharge already e x is ts  and in te n s ity  
detection costs no extra .
6. The OGE detector is  o p t ic a lly  th in  or 'tra n sp a re n t'.
Conventional o p tica l detectors must remove some power 
from the laser beam re su ltin g  in  e ith e r  degradation o f 
beam q u a lity  (geometry) or reduction o f output power 
ava ilab le  from the system.
7. For laser s ta b iliz a tio n  the detecto r r e l ia b i l i t y  can be 
assured as long as the laser o s c illa te s .
From the preceding stated technological and fundamental advantages i t  
can be seen th a t there is  a strong case fo r  the u t i l iz a t io n  o f OGE detection 
in  lase r systems; there are also some disadvantages, inc lud ing  the separation 
o f the low ac signal from the high dc e x c ita tio n  voltage (Chapter 3.22) and 
the channel noise associated w ith  dc discharges (Chapter 9 .1 ). Detailed 
discussion o f the advantages and disadvantages are presented w ith  the 
experimental re su lts  in  Chapters 4, 5, 6, 8 and 9.
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2.7 OTHER SIMILAR DETECTION SCHEMES
Various experimental techniques, other than OGE, are used today which 
depend on o p t ic a lly  induced e le c tr ic a l changes w ith resonant o r broadband 
ra d ia tio n . This fam ily  o f e le c tr ic a l detectors is  a member o f a w ider class 
o f gas/Tight in te ra c tio n  schemes, inc lud ing  opto-acoustic spectroscopy^^* 
where microphonie ra the r than e le c tr ic a l detection is  used,^^*^^ thermal 
lensing^^*^^ where another probe beam monitors the o p t ic a lly  induced changes
op)in  the gas re fra c tiv e  index, and photothermal d e flec tion  spectroscopy (PDS) 
which also uses a probe beam; PDS is  fin d in g  increasing app lica tions in  
studying a b so rp tio n /re fle c tio n  in  s o lid s , liq u id s  and gases, p a r t ic u la r ly  
where the absorption is  very low^^ ^  10” ^cm” ^. A new technique,
gophotoacoUstic ranging has recen tly  been developed using acoustic detection 
o f laser induced soundwaves over long distances.
The e le c tr ic a l schemes (o ther than conventional OGE) o f detection can 
be broadly c la s s if ie d  as fo llow s:
1. Optogalvanic detection in  hollow cathode lamps
2. Optogalvanic detection in  flames
3. Space-charge lim ite d  diode detection
4. Photoionization detectors: notably l ig h t  and microwave
detection w ith  commercial neon and argon m iniature lamps
5. Prebreakdown regime detection.
Cases (1) and (2) have both been used extensive ly^^ fo r  spectroscopic 
purposes w ith  tunable dye lase r probes operating in  the v is ib le .  Hollow 
cathode lamps operated in  OGE mode have provided an important and powerful 
means o f frequency locking cw dye lasers to  a very large number o f atomic
gotra n s itio n s  (e .g . Ne, Na, Ba) and the a b i l i t y  to s ta b iliz e  a t frequencies 
corresponding to excited states should be useful in  a n a ly tic  chemistry, 
spectroscopy and isotope separation. S ta b iliz a tio n  to  weak tra n s itio n s  is  
feas ib le  w ith  th is  technique due to no sca tte ring  and c o lle c tio n  problems, 
un like flourescence techniques. Other species have been detected inc lud ing  
im purities  present in  the cathode (rare  metals, a llo ys , e tc .)  and p a ra lle l
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in ve s tig a tio n  o f atoms and molecular ions in  flames is  feas ib le  in  order to
study io n iza tio n  during combustion. Chemical analysis o f trace metals using
22dye lase r induced OGE in  analysis flames has been reported, see Figure 2.71
20and an app lica tion  fo r  U.S. patent made by Green. Low concentrations o f
85less than 1 p .p .b . have been measured and th is  s e n s it iv ity  o f detection is
equal o r ju s t  b e tte r than other e x is tin g  methods.
Space charge lim ite d  diode detection dates back to  ea rly  photo ion ization
studies and the ea rly  work o f Foote and Mohler^ has been described in  2.0.
Lawrence and Edlefsen,®^ Mohler and Boekner^^ and Freundenberg^^ have a l l
used th is  technique to  study ion formation in  Cs. This op tica l detection
technique was reintroduced in  1966 by Popescu,^^’ ^^ and Marr and Wherret^^
in  1972 studied CSg molecular ions using e s s e n tia lly  the same apparatus w ith
a Hg lamp and monochromator as a source (see Figure 2.72).
The detection c a p a b ilit ie s  o f dc discharges in  normal and abnormal
glow have been discussed by many authors fo r  microwave frequencies,
m illim e te r wave frequencies^^*^^ and o p tic a l frequencies;^^ these commercial
in d ic a to r glow lamps (Penning m ixture) provide cheap, rugged, wide dynamic
range and microsecond r is e  time de tection.
The extensive work o f Kopeika^^ had included by 1977 various mechanism
studies and by using HeNe, HeCd, Ar io n , lasers as w ell as broadband sources,
many processes have been explained. The primary mechanism given is  gas
breakdown enhancement by the electromagnetic f ie ld  (from the ra d ia tio n )
augmenting the fixe d  dc bias. At sho rt wavelengths where d e te c tiv it ie s
98can be as good as pho tom u ltip lie rs  breakdown is  enhanced by d ire c t 
pho to ion iza tion . A t long wavelengths (microwave) the breakdown is  explained 
as a cascade ion iza tion  process where the inc id e n t EM wave enhances the
99e lectron  ve lo c ity  and hence increases the c o ll is io n  ra te  and io n iza tio n .
The am plified  change descrip tion  then fo llow s the optogalvanic phenomenological
35theory o f Erez e t a l however, the in te re s tin g  feature o f th is  work is  the 
temporal behaviour o f these discharge detectors.
P a ra s itic  reactance (mostly induc tive ) has been studied in  great d e ta il
Fig 4 Optogalvanic detection of atomic species in a fiame
Fig. 2.71 Typical OGE flame detection system using a pulsed dye lase r and 
gated detection system fo r  signal enhancement, reproduced from King and 
Shenck.^^
Chopper 
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Chart
recorder
Figure I .  Schematic diagram of the apparatus.
Fig. 2.72 Conventional space charge detection apparatus used to  study
molecular ion formation in  C0« (no phase sens itive  de te c tio n ), reproduced
84from Marr and Wherret.
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and the in t r in s ic  mechanisms have been shown to  be very fa s t (a. 1 to  TOO ps) 
in  low pressure subminiature tubes; the other feature o f these devices to  
have been extensive ly investiga ted  is  the gain o f the device due to  the 
negative d if fe re n t ia l impedance. Typical operating ch a ra c te ris tics  o f a 
m iniature in d ic a to r lamp (not designed fo r  th is  purpose) are a tuned ac 
detector, response (video detector response) o f 10 to  100 kHz w ith  a Q o f 
10 which is  a strong function o f current and device construction and a 
ty p ic a l gain o f 100 times a gas f i l le d  photodiode in  the prebreakdown mode 
( in te rn a l gain is  10 dB). An important consequence o f th is  work is  th a t 
device construction ra ther than fundamental time constants (o f the gas) 
con tro ls the high frequency response. Penning io n iza tio n  spectroscopy has 
recen tly  been achieved^^^ using the optogalvanic e ffe c t in  calcium-neon 
discharges to  show th a t the Penning io n iza tio n  process, lowest Ne metastable 
io n iza tio n  o f Ca, ex is ts  and th a t the e ffe c t is  useful in  such stud ies. The 
experiments u t i l iz e d  a pulsed dye la s e r.to  stim u la te  a quasiresonant tra n s it io n . 
Penning io n iza tio n  by neon metastables is  shown to be re a d ily  achieved but 
no e f f ic ie n t  Penning io n iza tio n  was seen from the Ne ^P  ^ leve l owing to  the 
strong allowed dipole tra n s it io n  to  the ground s ta te . Temporal s ignal 
behaviour was found to  change s ig n if ic a n t ly  w ith voltage and curren t and 
consists o f two o r three spikes (w ith  possible sign changes) over a timescale 
~ 0.1 to 0.5 ms and the authors promise a 'd e ta ile d  th e o re tica l model' as 
these e ffe c ts  are not predicted by Erez e t a l^^ o r Shuker.^^^
In the prebreakdown regime extensive inve s tig a tio n  o f the tra n s ie n t
102 103behaviour o f discharges using pulsed l ig h t  sources, * and the f i r s t  
study o f io n iza tio n  growth due to  laser induced io n iza tio n  showed some 
im portant advantages o f working in  th is  mode.^^
In te rp re ta tio n  o f the prebreakdown OGE perturbations is  s im p lif ie d  
because the e lectron  energies are w ell defined and a near uniform f ie ld  e x is ts . 
Figure 2.73 shows the apparatus used by Kravis e t al to  inve s tig a te  
prebreakdown OGE and Figure 2.74 shows an optogalvanic signal due to 
ir ra d ia t io n  by dye laser a t 6143 A, corresponding to  the Ne 1 2p
Dye laser 
beam
uv light from -------V
discharge lamp-------y
HT
To oscilloscope 
or signal 
averager
Load
resistor
Pre­amplifier
Calorimeter
Spectrometer
Fig. 2.73 Apparatus used to  measure prebreakdown optogalvanic e ffe c ts  in  
neon. Temporal growth o f io n iza tio n  was made w ith  uv source and o p tica l 
pe rtu rba tion  measurements w ith  dye laser a t 6143 % reproduced from Kravis 
and Haydon.^^
Time
Optogalvanic signal produced by irradiation at 6143 Â  (Is5->2p6 transition). 
Vertical scale 1 nA d iy-i, horizontal scale 0-5 ms diy-^ Discharge conditions, V ~  
180 V , rf= l-8  cm, Cu cathode. The total ionisation current was 14 nA.
Fig. 2.74 Prebreakdown optogalvanic signal observed by Kravis and Haydon 
w ith  fa s t c r i t ic a l  spike and slow exponential decay, reproduced from Kravis 
and Haydon.
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tra n s it io n . Detuning o f the laser showed rapid decay so th is  is  a resonant 
absorption process un like in  the case o f the uv photo ion ization detection in  
neon lamps (which corresponds to  a tra n s it io n  to  the io n iza tio n  continuum).
The slow, negative component ('V' 10 ms) has been shown (by varying electrode 
distances) by Krish^^^ and Haydon and W illiams^^^ to  be due to  d if fu s io n  o f 
metastable atoms. A p o s itive  fa s t spike 30 to  60 ys is  observed and several 
mechanisms have been suggested to  explain th is  component, inc lud ing
1. Laser e xc ita tio n  o f more h igh ly  excited states 
(metastables)
2. D irec t photoelectron generation a t the cathode^^
3. Upper excited s ta te  re laxa tion^^.
Explanation (1) seems improbable because semi-empirical p red ic tion  o f e lectron
io n iza tio n  rates from excited leve ls^^^ gives the cross-section ra t io  fo r
io n iza tio n  o f states 2s^ and ISg to  be 3. Also the average e lectron energy 
108is  > 11 ev a t su itab le  values o f E/N and, the re fo re , only a small number
o f e lectrons ~ 10% can exceed the threshold energy fo r  io n iza tio n  from each
le v e l. As a re s u lt , the increased io n iza tio n  ra te  (due to  ir ra d ia t io n )  o f
the 2Pg level is  not more than 3.5 times the ra te  fo r  the Is^ le v e l. Only 
101:10 atoms are in  a metastable le v e l, and the increase in  io n iza tio n  would 
cause a very small pertu rba tion  o f to ta l io n iza tio n  which is  dominated by 
ground s ta te -e lec tro n  c o llis io n s .
The cathode photoelectron explanation would p re d ic t a ~ 30 ms spike 
re la ted  to the d r i f t  time fo r  an e lectron pulse in  the device. High energy 
photons o r ig in a tin g  from decay o f He Is^/lS t^ resonance states are required 
and i t  might be possible th a t the spike is  an unresolved tra in  o f successive 
pulses generated by p o s itive  ion impact ( t ra n s it  time 'v 4.5 ys). This 
explanation is  consistant w ith  K ravis ' observation o f  the lengthening o f the 
spike very near to  breakdown.
According to  the theory o f Erez e t al the upper leve l decay time should 
dominate the OGE decay time (~ 50 ms) and a combination o f cathode e ffe c ts  
and upper laser re laxa tion  may be a su ita b le  explanation.
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3.0 EXPERIMENTAL APPARATUS
The lase r apparatus constructed fo r  these experiments consisted o f 
f iv e  passively stable COg lasers shown schem atically in  Figure 3.01 and 
described in  3.11, 3.12 and 3.13, two in tra c a v ity  discharge tubes, two 
multianode separate discharge ce lls  and a 4.3 ym 00°1 s id e lig h t flourescence 
c e ll (described in  Chapters 8 and 9). D iffe re n t discharge tubes were f i t t e d  
to each laser frame. Several s ta b il iz e r  servomechanisms were constructed 
fo r  s ta b il iz in g  these lasers (described in  3.23) and a heterodyne detection 
system fo r  studying the beat frequency o f two or more lasers assembled 
(described in  3.42). A d d it io n a lly , CO lasers constructed by G.A. Murray o f 
S t. Andrews U n ive rs ity , Edinburgh Instruments and H erio t Watt U n ive rs ity , 
were used fo r  the CO optogalvanic measurements.
A d d it io n a lly , beam p ro f i le  monitoring w ith  a commercial (Delta 
Developments) 50 element self-scanning p y ro e le c tr ic  array was used to  
evaluate laser mode q u a lity  and a su itab le  beam telescope was constructed 
fo r  these experiments (see 3.41).
3.1 COg LASER DESIGN, DEVELOPMENT AND CONSTRUCTION
Five COg lasers were constructed during these inve s tiga tions  and they 
underwent considerable development during use; a l l  lasers and discharge 
tubes were constructed o f s ta in less stee l and glass, sealed w ith  a s ta in le ss  
stee l bellows valve and were r e f i l ia b le .  A gradual development towards a 
modular construction was followed in  order to  fa c i l i ta te  simple m od ifica tion  
fo r  experimental purposes (such as discharge tube changing). A ll the lasers 
used e ith e r  a 3 rod (25 mm diameter) or 4 rod (19 mm diameter) in va r 
framework and the sm aller systems used aluminium 25 mm and 12 mm m ateria l 
mounting p la tes fo r  the o p tica l stages and fo r  mechanical construction and 
the f in a l developed system, used 25 mm sta in less  stee l construction (see 
Figure 3.131). No in te n tio n a l magnetic screening o r temperature con tro l o f 
the inva r was used and the lasers were not b u i l t  in to  a soundproofed cabinet 
fo r  acoustic (audio frequency) in su la tio n . The lasers were mounted to  the
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Fig. 3.01 Schematic diagrams o f (a) the compact 8 W sealed lasers described 
in  3.11, (b) the sequence band COg lasers described in 3.12 and 5.1 and (c) 
the high power laser developed to produce output powers > 40 W described 
in 3.13.
Fig. 3.11 7 mm diameter, 25 cm quartz laser tube showing ZnSe Brewster
window, Pt cathode, gas in le t  and water jacke t. Note dark deposits in  
cathode inner bore a fte r  % 1500 hours use.
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Ealing table by clamping (w ith PTFE coated s lides) to  keep alignment w ith  
each other and w ith  the o ther o p tica l components; th is  mounting also reduced 
the tendency o f the structu res to  f le x .
The quartz (c le a r s i l ic a )  discharge tubes (o ther than the small system
described in  section 3.11) had in te g ra l b a lla s t volumes concentric w ith  the 
o p tica l axis and tubes longer than 500 mm had s p l i t  discharges (up to  a maximum 
length o f 850 mm). Care was taken to  se le c t s tra ig h t bore tubes and they 
were subsequently stra ightened in  a glass la the , but precis ion  bore tube 
was not used. The s ilic o n  oxide deposit was chased o f f  the surface w ith  a 
hot working flame. The tubes were sometimes HF (concentrate) etched fo r  ten 
minutes p r io r  to  construction in  order to  clean o f f  oxide deposits, cleaned 
w ith  propanol, and acetone dried . Care was taken to  avoid dust and fo re ign  
m atter entering  the tube before f in a l assembly by keeping the tube closed 
w ith  rubber stoppers; dust is  known to be disadvantageous in  stab le  lase r 
tubes.
The e le c tr ic a l feedthroughs were tungsten w ire (1 mm to  2.5 mm diameter) 
passing through pyrex and graded sealed w ith  GS20 then GSIO glass to  the
quartz ; in  some cases the anodes were sharpened to  a p o in t; no d iffe rence  in
discharge s ta b i l i t y  was noticed between the po in t and b lu n t anodes; r in g  
anodes were not used. Platinum sidearm cathodes were manufactured by using 
a quartz sp u tte r sh ie ld  which entered in to  the cathode cy lin d e r to  l im i t  
m ateria l spu tte ring  in to  the main bore. Two tubes (both platinum cathodes)
were examined a f te r  over 18 months' d a ily  use (^ 1500 hours) w ith  Xe, COg,
Ng and He mixtures (1.5 Xe, 3 COg, 4 Ng, 14 He to r r )  and a fte r  breaking, 
care fu l observation showed (see Figure 3.11) the fo llow ing  surface changes.
1. The sp u tte r sh ie ld  had become s ilve red  w ith  a heavy 
coating o f platinum and the e le c tr ic a l resistance
across the tube neck was 8 Sï. The platinum f i lm
was e a s ily  removed from the glass by scraping.
2. The ins ide  surface o f cathode Pt sheet showed the
discharge area which exh ib ited  a white haze to  grey
43
f i lm  w ith  boundaries o f f la re d  density o f 
co lour which were rough white and brown in  
appearance.
3. The side arm connection w ith  the laser tube 
main bore showed a heavy dark brown deposit 
which was non-conducting and e a s ily  removed.
4. The main bore showed a l ig h t  yellow  deposit 
along h a lf i t s  length (12 cm) on the cathode 
side.
5. The Brewster window (ZnSe) and tube mounting 
p o in t showed no d isco loura tion  o r v is ib le  
deposits.
6. The side arm showed a scaley m e ta llic  deposit 
(h a lf  s ilve re d ) which was o f very high
7r e s is t iv i ty  (& 10 m).
The hot platinum cathode (along w ith  sputtered m ateria l) appears e ffe c tiv e  
in  heterogeneous ca ta lys is  in  reforming and no in te n tio n a l a lte rn a tiv e
ca ta lys is  was used other than th a t due to residual Hg. The re levant processes 
fo r  these two schemes are:
CO + 0 (o r Og) COg a t hot platinum surfaces.
CO + OH COg + H in  the gas volume due to  OH ra d ica l.
113The residual Hg may be useful also in  depopulating the lower lase r leve l 
and the CO in  resonant upper lase r leve l v ib ra tio n a l e x c ita tio n . Mass 
spectrometry measurements taken by M e llis^^^  show,that in  th is  discharge 
con figu ra tion  typ ica l e q u ilib riu m  COg d issoc ia tion  leve ls  o f ~50% occur.
A 'b u rn t- in ' cathode (a fte r  ^ 100 hours discharge) acts as a re se rvo ir fo r  
COg (as w ell as Hg) and a simple experiment was performed to  demonstrate 
th is .  A tu b u la r Pt cathode (2 cm diameter and 5 cm long) a f te r  1000 hours' 
use was removed from a lase r tube and heated in  a pyrex b o tt le  by a ni chrome 
heater. In a contro l te s t the pyrex b o tt le  alone was heated. The b o ttle  was 
constructed so th a t the cathode was a close f i t  and the heater enclosed the
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e n tire  b o tt le , A mass spectrometer (AEI MSIO) was used to  observe the 
residual gases desorbed from the Pt surface w ith  heating. The mean values 
o f p a r t ia l pressures are shown as a function o f wall temperature in Figure 
3.12 and a large quan tity  o f COg was desorbed; no Hg concentration was 
measured and (there is  an instrumental in s e n s it iv ity  o f low mass numbers)
HgO concentration was not s ig n if ic a n t ly  large; no mass peaks 50 to  200 were 
observed. The operating cathode temperature was measured on the outside o f 
the quartz envelope w ith  a chromai alumel thermocouple, and th is  temperature 
is  somewhat less than the Pt surface temperature. The temperature was 
measured, in  the same manner, in  an operating laser cathode, and the typ ica l 
operating temperatures as a function  o f discharge curren t are shown in 
Figure 3.13. The actual value o f the Pt surface temperature is  unknown 
but because the heating b o ttle s  are o f s im ila r  construction the ou ter w all 
temperature i t  is  adequate to  sta te  th a t operating laser cathodes w i l l  ty p ic a lly  
(a t ^ 15 mA) have temperatures > 125 C which is  s u f f ic ie n t ly  high fo r  
s ig n if ic a n t q u an titie s  o f 's tored* COg from a 'b u rn t-in *  cathode to be 
desorbed (Figure 3.12). When platinum cathodes are used in  a COg lase r an 
e q u ilib riu m  concentration o f COg is  attached to the platinum surfaces. I f  
parameters such as COg p a r t ia l pressure or discharge curren t (surface 
temperature) change then the platinum surfaces w i l l  e ith e r  give up or.accept 
COg molecules.
3 .1 1  COMPACT SEALED 8 W CW COg LASERS
A generation o f sealed, compact COg lasers have been developed (the 
o r ig in a l design concept is  due to A.L.S. Smith) to s a t is fy  the requirements 
o f small size (< 50 x 15 x 15 cm), high e ffic ie n c y  (^ 10%), low cost and o f 
a su ita b le  r ig id i t y  and passive length s ta b i l i t y  to  be a c tiv e ly  s ta b iliz e d  
w ith  a phase locked loop; two inva r frameworks have been constructed and a 
successive se t o f discharge tubes and optics f i t t e d .  The lasers were intended 
fo r  long l i f e  sealed operation, the vacuum system consists o f a l l  s ta in less 
s tee l and quartz (c lea r s i l ic a )  construction; basic design c r i te r ia  fo r  such
_ 20
120 160 200 240 280 300
t e m p e r a t u r e  (C)
Fig. 3.12 Concentration o f COg desorbed (a ) from a 'b u rn t- in *  Pt cathode 
during heating and a contro l te s t ( • )  o f the pyrex conta iner. The p a r t ia l 
pressure scale shows re la t iv e  p a r t ia l pressure only.
^  200
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Fig. 3.13 Envelope temperature o f Pt tu b u la r cathode during operation in  a 
compact COg laser head. The temperature is  measured by thermocouple in  the 
same manner as in  the apparatus used to  obtain the re su lts  o f F ig. 3.12. Gas 
m ixture was 3 COg, 4 Ng, 16 He ( to r r )  in  a 9 mm in te rna l diameter tube. The 
envelope temperature was T^ = 20 + 7 i where i is  the discharge curren t in  mA,
Fig. 3.111 Compact 8 W cw COg lasers mounted on Ealing tab le  w ith  covers 
removed, tube, re se rvo ir, draught sh ie ld  and sealing valve can be seen.
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115lasers are w ell known. The quartz lase r discharge tubes f i t t e d  had 
in te rn a l diameters o f 6 .5 , 7.0, 8 .0, 9 .0 , 9.4 and 10 mm and lengths o f  230,
250 and 280 mm have been used; two lase r heads are shown in  Figure 3.111.
The in te rn a l tube surfaces have been modified fo r  the purpose o f o ff-a x is  
mode suppression (see Figure 3.151). The op tica l ca v itie s  consist o f a fixe d  
4 m radius gold coated, metal, to ta l in te rn a l, re f le c to r  (~97% re fle c t in g  a t 
10.6 pm) and a f l a t  Ge or ZnSe output coupler ( r e f le c t iv i t y  in  the range 
70 to  98%, ty p ic a lly  90%). The to ta l re f le c to r  is  permanently aligned and 
fixe d  (by f le x ib le  epoxy resin  - E7) to  the quartz tube in  the expansion 
midplane o f a machined 25 mm thickness, aluminium block; the other tube end 
is  term inated w ith  a ZnSe o r KCl Brewster window d ire c t ly  attached w ith  f le x ib le  
epoxy res in  to  the discharge tube end cu t a t Brewster's angle and c a re fu lly  
ground f l a t .  The output coupler is  mounted on an e la s t ic a l ly  deformable 
'one p iece ' metal m irro r mount, mounted d ire c t ly  to a Lansing PZT stack fo r  
length adjustment. The stack is  located on a 12 mm aluminium block secured 
to  the to ta l re f le c to r  block w ith three 25 mm diameter in va r rods determining 
the o p tica l ca v ity  lengths o f 'v 350 mm; the PZT ceramic and aluminium components 
have th e ir  thermal expansions o ffs e t by a re -en tran t design. A tu b u la r, 
removable draught sh ie ld  is  f i t t e d  to  c lose ly  enclose the lase r beam outside 
the discharge; th is  has been found most necessary (see Chapter 4). The e n tire  
lase r o s c il la to r  is  housed in  a massive U-channel aluminium piece w ith  PTFE 
s lid e s  on the moving face to  reduce s tic k in g  during d if fe re n t ia l expansion, 
w ith  an aluminium cover which closes the laser head to  reduce draughts, 
acoustic pickup and fo r  HV sa fe ty .
These short ca v itie s  have a frequency mode spacing o f 380 MHz and fo r
the 15 to  30 to r r  pressures used, the laser signature is  w ell defined, w ith
only one o p tica l COg tra n s it io n  occurring fo r  a s p e c if ic  length and w ith  ~ 10
tra n s it io n s  in  any a/ 2 length in te rv a l. I t  is  a su ita b le  a lte rn a tiv e  design
procedure in  a low cost s ta b iliz e d  system to  use signature se lec tion  ra the r
than in s e rtin g  e ith e r a d ispersive element (g ra ting  é ta lon , o r prism)^ or a
117se le c tive  absorber ( th in  f i lm , gas tube, e tc .) .
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The op tica l cav ity  length, although la rg e ly  determined by in va r, varies 
in  length over the range x/20 to  A/10 fo r  1°C ambient temperature change.
The expansion o ffs e t is  only e ffe c tiv e  i f  there are no thermal gradients 
e x is tin g  in  the system. The typ ica l performance fo r  a lase r f i t t e d  w ith  a 
25 cm a m p lif ie r  tube is  9 to 12% e ffic ie n c y  w ith an output power o f 7 to  9 W 
on the ava ilab le  tra n s itio n  in  the signature. Figure 3.112 shows how output 
e ff ic ie n c y  is  ty p ic a lly  re la ted  to  output power as a function  o f curren t (CO 
has been substitu ted  fo r  Ng in  one case), and Figure 3.113 shows the ava ilab le  
output power and in tra c a v ity  beam irrad iance  as a function  o f output coupler 
r e f le c t iv i t y  fo r  a typ ica l m ixture. For to ta l pressures o f 20 to  30 to r r  
(useful range) the optimum gas m ixture was found to  be 4% Xe, 13% COg,
17% Ng and 66% He w ith residual water vapour ^ 0.2 to r r  (a f te r  d iffu s io n  
pumping w ith  77 K cold trap to  10"^ to r r  w ith  no baking). The emphasis o f 
th is  work did not allow s p e c if ic  l ife t im e  tests but everyday usage o f up to  
ten months was achieved w ith  less than 20% power degradation. Figure 3.114 
shows two continuous run tests  o f a compact laser w ith  a 28 cm active  length 
tube (9 .4  mm diameter p ro file d  depth 0.5 mm). This lase r suffered from some 
beam multimode e ffe c ts  but th is  te s t was meant p r im a rily  as a l ife t im e  
in d ic a tio n ; realignment o f the m irro rs fo r  maximum output power was performed 
once every week. The f i r s t  run (new cathode) shows ~30% power reduction in  
1000 hours whereas the second f i l l i n g  shows ~10% power f a l l  o f f .  This is  
consistant w ith  an i n i t i a l  COg loss from the gas to  the cathode and Pt 
sputtered surfaces; the m a jo rity  o f loss seems to  occur in  the f i r s t  200 hours. 
The second run has improved sustained output power over the e n tire  period and 
th is  may be due to  the CO ad d itio n . Power increases are seen in  the f i r s t  few 
days in  both cases; th is  could be due to  some slow desorption o f HgO from 
w alls  which is  b e ne fic ia l in  COg ca ta lys is .
The laser mode q u a lity  (see Chapter 3.15) is  dependent on the ra t io  o f 
tube radius to  beam radius and the tab le  in  Figure 3.115 gives a guide to 
the jud ic ious  choice (maximum power s ing le  mode) o f n o n -p ro file d  tube ~ 8.0 mm 
fo r  the cav ity  described. U nstabilized laser performance was monitored fo r
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Fig. 3.112 Laser output pov/er and e ffic ie n c y  fo r  compact laser head w ith  
25 cm active  length, 8 mm diameter tube and 90% Ge output coupler fo r  (■□) 
1 Xe, 3 COg, 4 Ng, 16 He ( to r r )  and (eo) 1 Xe, 3 COg, 4 CO, 16 He ( to r r ) .
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Fig. 3.113 Laser output power and in tra c a v ity  beam irrad iance as a function 
o f output coupler r e f le c t iv i t y  fo r  25 cm active  length, 8 mm diameter tube 
f i t t e d  in compact laser head f i l le d  w ith  3 Xe, 3 COg, 4 Ng, 16 He ( to r r ) .
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Fig. 3.114 Continuous run te s t fo r  compact laser w ith  28 cm length new 
p ro file d  tube, Pt cathode, w ith  new ZnSe Brewster window, to ta l re f le c to r  
and 90% Ge output coupler f i l l e d  w ith  gas 1 Xe, 3 COg, 4 Ng, 16 He ( to r r )  
and run fo r  1100 hours, and a second f i l l i n g  o f 1 Xe, 2 CO, 3 COg, 4 Ng 
and 16 He.
TABLE OF OUTPUT POWER AND MODE QUALITY
Mean Tube Diameter 
(mm)
Maximum Laser 
Output Power
Mode Quality 
(Far Field)
6.5 * 3.5 Axial only
7.0 * 5.2 Axial only
8.0 8.1
Axial dominant 
some off-axis  
with
misalignment
9.0 * 8.5
Axial operation 
over narrow 
range otherwise 
off-axis modes 
dominate
9.4 9,2
Off-axis 
dominant. Very 
narrow range 
of axial only
10.0 8.7 Off-axis only
Fig. 3.115 Table o f lase r mode q u a lity  and output power fo r  compact COg lase r 
f i t t e d  w ith  quartz 28 cm (o r 25 cm *  corrected values assuming output power 
d ire c t ly  proportional to  len g th ), ac tive  length discharge tube fo r  10P(20) lin e  
centre operation w ith  a fresh f i l l  o f 1 Xe, 3 COg, 4 Ng, 16 He ( to r r ) .  The to ta l 
re f le c to r  had 4 m radius o f curvature and the output coupler was f l a t ;  the 
ca v ity  length was 35 cm. Mode q u a lity  assessed w ith  scanning p y ro e le c tr ic  
beam monitor and o p tica l engineering image p la tes.
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long periods (see Chapter 4) using a ca lib ra ted  rad ia tion  thermopile (CRL 
lase r power meter) and a Mullard TGS p y ro e le c tr ic  detector fo r  power 
measurements along w ith  an Optical Engineering COg spectrum analyzer fo r  
wavelength measurements. Relative frequency measurements were made by the 
two s im ila r  independent system heterodyne technique (see Chapter 3.42).
For tubes ^ 8.0 mm sing le  l in e  o s c il la t io n  is  always seen from switch-on 
whereas fo r  tubes > 9.0 mm dual lin e  o s c il la t io n  is  always seen and tubes 
o f diameter 9.0 > d > 8,0, can have m u lt il in e  o s c il la t io n  during the i n i t i a l  
(15 to 30 minutes) warm-up period. A fte r  th is  period s ing le  mode o s c il la t io n  
is  always seen, w ith  carefu l manual alignment, fo r  tube diameters < 9.0 mm 
and o s c il la t io n  on one p a rtic u la r  lin e  can occur fo r  hours (good thermal 
case) o r always longer than 15 minutes as long as shocks, e tc . ,  are avoided 
and a slow d r i f t  o f output power corresponding to the s ing le  laser mode slow ly 
scanning through a gain p ro f i le  segment in  the signature occurs; th is  causes 
output power flu c tu a tio n s  o f ~10%. In section 3.41 where beam p ro f i le  
monitoring is  described, some sp a tia l mode s ta b i l i t y  evidence is  presented.
3.12 COq sequence BAND LASERS
The two sequence band lasers were constructed in  a sealed, inva r 
s ta b iliz e d  format s im ila r  to the compact laser but constructed w ith  fou r 
inva r rods s itua ted  on a 100 mm square. Figure 3.121 shows the e a r lie r  
laser which was f i t t e d  w ith  a 60 cm long a m p lif ie r (on r ig h t side o f 
photograph) w ith  fixe d  in te rna l 6 m radius gold (evaporated) m irro r and 
a heated palladium tube (Jencons 0HDT5) fo r  contro l o f Hg content. One KCl 
Brewster window iso la tes  the quartz a m p lif ie r  from the quartz hot COg c e ll 
(centre o f photograph), which acts as a se lec tive  absorber o f fundamental 
(Ocfl upper le ve l) laser lin e s . The hot c e ll is  terminated w ith  another 
KCl Brewster window enclosed in  a c a re fu lly  sealed draught sh ie ld  ( l e f t  
side o f photograph), the 98% re fle c tin g  ZnSe 1" output coupler is  mounted 
in  an e la s t ic a l ly  deformable m irro r mount attached to  a commercial (Lansing 
s e r ia l no. 21.938) tw in PZT fo r  modulation and length correction.
Fig . 3.121 F ir s t  COg sequence laser w ith  fou r invar rod construc tion , 50 cm 
lase r tube w ith  in te g ra l coaxial gas b a lla s t, hot c e ll (wrapped in A1 f o i l )  
and output stage w ith  two element stack PZT.
F ig . 3.122 Second CO^  sequence laser showing s im ila r  fou r invar rod 
con s tru c tion , hot c e ll housing w ith  cooled Brewster window mounts, deformable 
metal ( in va r and sta in less s te e l) m irro r mount and p a rt o f the 85 cm ( s p l i t  
discharge) a m p lif ie r  housing.
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D escrip tion , operating parameters and performance o f the CO^  sequence band 
la se r is  given in  Chapter 5.1. One o f these lasers ( la rg e r shown in  
Figure 3.122) has been used to  accurately measure v ib ra tio n a l temperatures 
o f the COg assymetric s tre tch  mode.^^^
3.13 SEALED HIGH POWER CW COq LASER
A la rg e r (85 cm active  length) COg lase r was constructed to  assess 
optogalvanic s ta b iliz a t io n  o f la rg e r systems and to  provide a more intense 
probe beam fo r  external c e ll studies o f OGE and flourescence phenomena.
This lase r featured a 3 rod inva r design w ith  tube carrie rs /fram e s tif fe n e rs  
s p l i t  a t 45° so th a t the la se r tube could be simply removed. The tube was 
mounted in  the supports w ith  nylon screws to  a lign  the tube axis to  the 
o p tic a l axis o f the inva r frame; th is  proved most useful when demounting 
and changing the tube due to  glass manufacturing to lerances. The complete 
lase r head (100 x 10 x 10 cm) is  shown in  Figure 3.131 mounted on the Ealing 
an ti v ib ra tio n  ta b le . E le c tr ic a lly  driven micrometers (Motor Mike) aligned 
the output coupler (70% re fle c tin g  ZnSe) and the PZT was mounted in  an 
e la s t ic a l ly  deformable m irro r mount and therm ally compensated PZT assembly 
described in  d e ta il in  3.14. Construction o f the discharge tube was s im ila r  
to  the sequence lasers u t i l iz in g  an in te g ra l b a lla s t volume, platinum cathode 
and two tungsten p o in t anodes. ZnSe Brewster windows were attached to  both 
ends o f the tube and machined blackened sta in less  stee l heatsinks were used 
to  d iss ipa te  the heat generated by m ateria l absorption and re f le c t io n  (see 
Figure 3.132, the to ta l re f le c to r  PZT end), and the in te rven ing  a ir  space was 
c a re fu lly  draught shielded (see Figure 3.13 which shows the output coupler 
end) w ith  s lid in g  f a c i l i t y  fo r  tube alignment and movement.
The invar rod ends were located by screws to  the 25 mm s ta in less  stee l 
endplates and very c a re fu lly  machined; i t  has proved possible fo r  an operator 
to  remove the endplates and replace them w ithout los ing  s u f f ic ie n t  alignment 
fo r  immediate lase r action on replacement.
1Fig. 3.131 Stable sealed 50 W cw COg la se r, mounted on anti v ib ra tio n  tab le 
showing output coupler mount (w ith motormike adjustment) and mounted quartz 
laser tube w ith in te g ra l concentric b a lla s t.
F ig. 3.132 PZT/total re f le c to r  end showing ZnSe mounted on blackened s ta in less  
steel heatsink. A repaired tube fra c tu re  can be seen next to  the anode.
Fig. 3.133 The output coupler end showing glass f le x ib le  coupling to  sealing 
va lve, s p l i t  tube mounts w ith  screw adjustment o f tube centre, and a fixe d  
draught sh ie ld .
F ig. 3.141 Components o f fab rica ted  PZT assembly. Finished m irro r mount 
(upper le f t )  w ith invar cup component beneath. Two PZT - 5 H (V ern itron ) 
tubes and mounting rings c a re fu lly  f i t t e d  fo r  tube alignment.
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3.14 PZT CONSTRUCTION AND CALIBRATION
A ll lasers constructed were f i t t e d  w ith PZT length tra n s la to rs  fo r  
ca v ity  tun ing. Commercial un its  (Lansing 21.333 and 21.938) s ing le  and 
double elements were used as w ell as constructed t r a n s l a t o r s , ( l e a d  
zirconate tita n a te ) and i n i t i a l l y ,  deformable m irro r mounts were attached 
to  the moving face. In order to improve mechanical frequence response and 
r ig id i t y  the f in a l systems used PZT tubes to  d ire c t ly  drive  the laser m irro rs .
Figure 3.141 shows the components before assembly o f the m irro r mount/PZT 
assembly. The variab le angle mount consists o f an inva r (o r s ta in less  s te e l) 
pressed or spun cup (lower le f t )  which is  s i lv e r  soldered to support the 
moving inner cy lin d e r which is  screw con tro lle d  from the main body. Two tubes 
o f PZT m ateria l (PZT-5H) are used, one ins ide  the o ther, to  both compensate 
therm ally and provide twice the amount o f length tra n s la tio n . Figure 3,142 
shows the ou ter tube mounted to the threaded flange in  the moving support tube 
and the inner PZT tube (w ithout m irro r which is  attached by glue to  the upper 
surface). The inner tube (plus m irro r) is  then inverted and inserted  in to  
the outer tube (Figure 3.143), c a re fu lly  aligned and the mating ring  glued to  
the ceramic m a te ria l. The m irro r fro n t surface is  now located in the zero 
expansion plane ( i .e .  the ceramic expansion and s ta in less s tee l expansion is  
compensated) where the flange attaches to  the laser.
Accurate dc (and low frequency ac) tra n s la tio n  s e n s it iv it ie s  are both
given fo r  the m aterials and supplied by the manufacturers (Lansing) o f the
commercial u n its . However, fo r  these investiga tions ac mechanical response
up to  100 kHz was used and care fu l c a lib ra tio n  was required. The problems
o f e le c t r ic a l ly  d riv in g  PZT's a t high frequency w i l l  be fu r th e r discussed
in  Chapter 6. T rad itiona l measurement o f change in  length per u n it d rive
voltage uses in te rfe rom etry  and recently  Varwig e t al have used acousto-optic
120modulation and heterodyning. C a lib ra tio n  o f the in d iv id u a l tra n s la to rs  
w ith /w ith o u t m irro r mount load was achieved successfu lly by a COg laser 
heterodyning technique as fo llo w s . One la se r, a fte r  warmup, was used as a 
reference frequency and another frequency modulated by applying a sine wave
Fig. 3.142 F irs t  assembly step o f m irro r mount/PZT assembly. M irro r is  glued 
to  top surface o f sm aller tube and inserted in to  la rger.
F ig. 3.143 F u lly  assembled m irro r mount/PZT assembly. M irro r l ie s  in  zero 
expansion plane.
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voltage a fte r  su itab le  a m p lifica tio n  to  the PZT (see Figure 4.27). The laser 
d iffe rence  frequency spectrum (viewed on an RF spectrum analyzer) gives the 
excursion o f the laser frequency due to  length modulation. Then frequency 
excursion A f is  simply re la ted  to  the length excursion aL
4  = T  ........................................................ .... • • • (3-T)
where f  is  the lase r frequency and L is  the o p tica l length o f the ca v ity .
Figure 3.144 shows the frequency response o f three tra n s la to rs  used and 
a l l  show considerably decay a t frequencies > 1 kHz. The Lansing tra n s la to rs  
are stacks o f rings (which have e le c t r ic  f ie ld s  p a ra lle l to  the expansion 
d ire c tio n ) mounted together w ith  in su la tin g  glue. This produces a less r ig id  
s tru c tu re  w ith  an unknown temperature c o e ff ic ie n t, and i t  also appears th a t 
these systems have more resonances than the cy linde r type (which have e le c t r ic  
f ie ld s  perpendicular to  the expansion d ire c tio n ) , but th is  could be due to 
the attached metal m irro r mounts. Both stacks show a broad resonance a t 
~ 12 kHz and the double stack shows a large resonance a t 45 kHz. Typical 
stack (w ith  m irro r mount load) ch a ra c te ris tics  are a fa l l in g  HF response 
- 10 dB a t 1 kHz, -  30 dB a t 10 kHz, - 40 dB a t 20 kHz and - 50 dB a t 60 kHz.
The d ire c t driven twin tube assembly produced greater excursions over most
o f the tested frequency range.
I t  is  possible to use th is  method w ith  su itab le  drive  a m p lifica tio n  up 
to ^  200 kHz but the accuracy o f measurement (> 20 kHz) is  low. The e rro r  
sources are
1. S ta b i l i ty  o f lasers ( le a s t important)
2. The ac drive fa l ls  w ith  frequency due to  high element 
capacitance requ iring  ^  100 W drive  w ith  a su itab le  
matching network
3. The mechanical response is  fa l l in g  rap id ly  > 10 kHz
so th a t signal to  noise is  decreasing (most im portant).
4. Waveform o f the drive  is  a matching problem.
Typical frequency response c a lib ra tio n  accuracies are ± 5% fo r  dc - 3 kHz,
LU
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F1g. 3.144 The frequency response o f three PZT/mirror mount assemblies: 
Lansing 21.333 tra n s la to r  w ith  deformable m irro r mount ( a ) ,  Lansing 21.938 
double tra n s la to r  w ith  deformable m irro r mount ( » ) and tw in tube tra n s la to r  
shown in  Figures 3.141 to  3.143 ( a ) .
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± 10% fo r  3 - 10 kHz, ± 20% fo r  10 - 100 kHz and ± 50% fo r  frequencies 100 kHz fo r
the p a rt ic u la r  laser system used. Investiga tion  o f the p o la r ity  equivalence
showed th a t small amplitude length changes (± 20 V) provided equiva lent
frequency s h if ts  (to  w ith in  10%) which in fe rs  th a t ac drive  a t zero bias
should produce symmetrical excursions (LF and HF).
3.15 LASER TUBE PROFILES AND OFF-AXIS MODE SUPPRESSION
There has been some evidence th a t low angle, tube wall re fle c tio n s  from 
the glass laser tube produce secondary power lobes in  the fa r  f ie ld  pattern 
o f a nom inally TEM^  ^ free space mode lase r beam and some COg laser manufacturers 
(S ilvan ia  and Edinburgh Instruments) have introduced d is tr ib u te d  apertures 
w ith in  the am plify ing tube in  order to  reduce the tendency o f o ff-a x is  lobe 
production.
Visual inspection o f a s tra ig h t glass tube shows concentric rings o f 
re fle c tio n  fo r  a p o in t source and th is  was v e r if ie d  by illu m in a tin g  tube 
w alls w ith  HeNe and COg laser beams and examining the emerging beam w ith  the 
eye (by p ro je c tio n ) and thermal image p la tes respective ly. Wall re fle c tio n  
appears to  be a s u ff ic ie n t mechanism fo r  extra lobe generation.
The fo llow ing  tube processing was undertaken (and some sample tubes 
are shown in  Figure 3.151) in  order to  reduce th is  e ffe c t in  working 25 cm,
50 cm and .85 cm active  length lasers:
1. HF acid etching o f the inner bore surface produced a ribbed 
p ro f i le  w ith  a depth o f 0.5 mm and a spa tia l frequency along 
the tube o f one cycle per cm. Heated nylon was attached to
the inner walls to  re s is t e tching and two f i l l s  (30 minutes
each) o f maximum strength o f HF were used. This produced
^  1 mm deep etching in  pyrex tubes and 0.5 mm deep etching 
in  quartz tubes. Both c irc u la r  bands and sp ira l shaped 
p ro file s  were fab rica ted .
2. HF etched random spot p ro file s  w ith  a depth o f 0.5 mm were 
constructed w ith  a mean spot size o f ~ 2 mm. To produce a
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random d is tr ib u tio n  o f p ro je c tin g  fingers in to  the 
tube a re s is t o f p a ra ffin  wax was used; small p e lle ts  
o f 2 to 4 mm in  diameter were v ibrated by shaking 
the tube w h ils t heating by flame. A fte r the wax had 
hardened, two f i l l s  o f HF were used as above, and 
less sharp edges were atta ined but w ith s im ila r  
etched depth.
3. Deformation o f surface while hot by pressing pointed 
ca lipe rs  in to  the tube.
4. Shot b las ting  o f the inner surface w ith large p a r t ic le  
sand was used and although the quartz was roughened 
v is ib ly  l i t t l e  e ffe c t a t 10 ym was observed. The 
quartz tube was very much weaker a fte r  th is  method 
and frac tu red  e a s ily .
5. Carborundum roughening o f the inner surface w ith  
coarse powder resu lted in  greater depth varia tions, 
than the shot b la s tin g  and although the quartz was 
i n i t i a l l y  fra g ile  a f te r  a condition ing etch o f 30%
HF and heating the tube was s u f f ic ie n t ly  robust
- fo r  laser construction .
In order to  in te rp re t the e ffectiveness o f th is  technique suppression
o f major h igher order (non a x ia l)  transverse modes must be achieved and tube
diameters fo r  the compact lase r > 9.5 irm showed no improvement in  mode
q u a lity  w ith  processed.over non-processed tubes. However, fo r  tubes 8 to
9 mm diameter a noticeable lack o f extra  power lobes was observed and the
self-heterodyne signal (s ing le  lase r) showed less or no s ig n a l. These s ignals
are due to  the frequency s h if t in g  o f s l ig h t ly  o ff-a x is  propagating modes and
121have been measured by Duxbury.
Several te s t tubes o f each fa b rica tio n  method were constructed .(w ith 
varying depth and frequency p ro file s )  and these were investiga ted  w ith  both 
HeNe and CO^  lasers by d ire c tin g  the beam along a processed tube a t angles 
s l ig h t ly  o ff-a x is . The emerging beam was studied by eye and thermal image
Fig. 3.151 Examples o f tube surface processing fo r  o ff-a x is  mode suppression. 
Tube (a) has been hot worked to  produce protuberances in  the bore. A s im ila r  
e ffe c t was achieved by HF etching. Tubes (b) and (c) were etched using nylon 
re s is t and tube (d) is  unmodified.
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Fig. 3.152 Mode patterns o f lasers f i t t e d  w ith  tubes (a) w ith  a s p ira l etch 
as shown in 3.151 (b),  and (b) w ith  no processing as shown in 3.151 (d).
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pla tes respective ly  and w hile  a l l  fa b rica tio n  techniques produced good 
randomization o f the HeNe beam (0.6328 ym) only techniques (1) and (2) 
d isturbed the 10 ym COg beam su b s ta n tia lly . The formation o f crest-shaped 
focussed images occurred noticeab ly w ith  unprocessed tubes and these patterns 
were s t r ik in g ly  s im ila r  to  extra  lobes generated by the COg lase r.
Figure 3.152 shows laser beam scans (see 3.41) which d isp lay beam power 
as a function  o f radius a t 5 m from the lase r output coupler fo r  a compact 
lase r w ith  8.5 mm diameter tube etched w ith  a s p ira l pattern and a 8.0 mm 
diameter tube non-processed (o p tics , e tc . otherwise id e n t ic a l) .  The 
non-processed laser tube can be c a re fu lly  o p t ic a lly  a ligned to  avoid extra  
power lobes and operation in  th is  fashion can occur fo r  1 to  2 hours, but 
the o ff-a x is  lobes recur as the cav ity  d r i f t s .  The processed tube shows 
no tendency to  produce o ff-a x is  power lobes w ith  f u l l  misalignment. Some 
d is to r t io n  o f mode can be achieved w ith  extreme misalignment.
Due to  the lin e a r increase o f lase r gain w ith length , problems o f th is  
kind are expected to increase w ith  la rg e r systems. No d ire c t evidence o f 
th is  was found, but random etched pattern ,50 cm tubes (9 mm diameter) 
produced very stab le  pure mode operation su itab le  fo r  low noise
heterodyne reception. The technique o f deforming (by pinching) the discharge 
tube to  provide a d is tr ib u te d  series o f apertures was s ta rte d  (and th is  method 
looks promising and is  now used by some manufacturers), but production 
d i f f ic u l t ie s  (high stresses are generated in  the quartz) resu lted  in  no 
su ita b le  tube being manufactured fo r  these studies. The carborundum 
roughened tubes seemed less e ffe c tiv e  (perhaps due to  the sm aller dimension 
o f disturbance) than the etched step tube and the random pattern  etch seemed 
most e ffe c tiv e  o f a l l  the tested s truc tu res . The shot b la s tin g  technique 
weakened the quartz to  the p o in t th a t the f r a g i l i t y  o f the tube made 
construction d i f f i c u l t .
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3.2 ELECTRONIC DESIGN AND CONSTRUCTION
In the design and development o f a complete servo system such as th is  
lase r s ta b i l iz e r ,  refinement during development can re s u lt in a p a r t ic u la r  
e le c tro n ic  servomechanism 'tuned' to  the p a r tic u la r  lase r being s ta b iliz e d .
The development o f such a system fo r  simple and general lase r use and w ith  
s u f f ic ie n t  f l e x ib i l i t y  to operate w ith  very d if fe re n t lasers, power supplies 
and de tecto r p ick o f f  configurations required several e a rly  e le c tro n ic  servo 
systems which were designed and constructed w ith many adjustable parameters 
(such as modulation frequency, depth, in te g ra tio n  time constants, ac and 
dc gain, e tc .)  and only a b r ie f  summary is  given in  3.23. An apprecia tion 
o f the e xc ita tio n  power supply behaviour is  essentia l fo r  the explanation 
o f th is  work and th is  is  given in  considerable d e ta il in  3.21 and 3.22.
The PSU generated noise was the major noise source in  the optogalvanic system.
There was a substan tia l degree o f freedom in  the exact method o f p ick 
o f f  used to  e x tra c t the small optogalvanic signal from the la rg e r dc 
e x c ita tio n  and d if fe re n t techniques are discussed in  d e ta il,  p a r t ic u la r ly  
w ith  respect to noise and ground loop considerations subsequently, and 
there fo re  a summary o f pick o f f  configurations w i l l  be given immediately in  
3.22.
The exact e le c tro n ic  servomechanism constructed during th is  work w i l l  
be described in  3.23 and some considerations fo r  a universal system given 
in  3.3.
3.21 EXCITATION AND POWER SUPPLIES
COg laser a m p lifica tio n  occurs in  the p o s itive  column o f a molecular 
glow discharge o f COg, Ng and He (possib ly inc lud ing  Hg, Xe, CO, e tc .)  and 
such a weakly ion ized, w a ll dominated discharge has a p o s itive  valued, negative 
d if fe re n t ia l v - i c h a ra c te r is tic . The continuous (ra th e r than pulsed) 
e x c ita tio n  o f these discharges fo r  diameters ~ 1 cm requires a p o te n tia l o f 
'V' 200 V/cm at current densities o f 'v 30 mA cm ^ fo r  f i l l i n g  pressures 'v 20 
to r r .  Id e a lly  the e le c t r ic  supply should not introduce gross changes o f
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current (and voltage) which could modulate the laser output. RF, ac and dc 
e xc ita tio n  have been used fo r  COg lase rs ; in  th is  case dc e x c ita tio n  was 
used exc lus ive ly . An ac supply usually  resu lts  in  undesirable beam modulation 
and RF e xc ita tio n  (p a r t ic u la r ly  in  a waveguide context) is  a new technique 
which looks most promising fo r  the fu tu re  w ith  electrodeless discharges which 
w i l l  have less contamination useful fo r  small sealed volumes. The p o s s ib i l i ty  
o f superheterodyne detection o f o p t ic a lly  induced vswr s h if ts  analogous to  
OGE looks promising. The dc supplies used in  these experiments were a l l  
commercial and are l is te d  below.
1. Irv in  C l096
This supply was constant cu rren t o r constant voltage 
regulated provid ing 10 kV, 50 mA maximum. I t  was 
s ing le  mains transformed, te trode s ta b ilize d  w ith  
r ip p le  ~ 2 x 10 ^ (peak to peak) constant voltage and 
~ 5 X 10  ^ (peak to  peak) constant current, and has a 
current correction  time ^  5 ms. I t  was used fo r  a l l  
external c e ll e x c ita tio n  and the more c r i t ic a l  small 
signal applications due to the low noise c a p a b ility .
2. Edinburgh Instruments 183
Three un its  o f th is  type were used; constant current 
only is  ava ilab le  and one s ing le  183S and a matched 
p a ir  1830, 4-20 mA, 13 kV maximum were used fo r  both 
s ing le  and s p l i t  discharges. Mains s ing le  phase 
transformed, they are both tra n s is to r  regulated, and 
saturable reactor co n tro lle d . The sing le  supply 183S 
was re t ro f i t te d  to  improve r ip p le  spec ifica tions 
^ 5 X 10~^ (peak to  peak). Current correction time was 
^ 10 ms.
3. H ivotronics 22/300/26
This supply was a high power constant voltage u n it 
provid ing 100 mA 25 kV. I t  was 3 phase mains transformed,
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2unregulated and produced a high r ip p le  ~ 1 : 1 0
(peak to peak).
4. Hartley Measurements 421
This was a 20 mA, 20 kV, switched mode supply
which was programmable and current regulated;
2i t  generated high r ip p le  ( 1  to  8 : 1 0  ) a t va riab le  
frequency 1 kHz.
The Irv in  C l096, HML 421, and H ivotronics 22/300/26 supplies were operated
w ith  100 ko, 250 ko o r 500 ko b a lla s t. For 25 cm discharges TOO ko was found
su ita b le  fo r  the m ixtures/pressures used down to  curren t ~ 6  mA and fo r  cu rren t
~ ' l  mA 500 ko was required. The b a lla s t requirement is  simply lin e a r w ith
discharge length (as is  the discharge impedance) and b a lla s ts  o f 10 ko + 4 ko/cm
were su ita b le  fo r  these tubes.
Because o f the negative slope o f the impedance c h a ra c te r is tic  some care
122is  required to  avoid re laxa tion  o s c illa tio n s . Presuming the lase r cu rren t i^
is  simply given by
when
i i  = ^  where R is  the p a rtic u la r tube resistance a t i  
^ R °
R = \  .   (3 .2)
and the d if fe re n t ia l impedance Z is  ju s t
z =...I t  ...........................................................................  (3 .3)
I f  shunt capacitance e x is ts  a fu r th e r out o f phase current flow ing through
th is  branch w i l l  e x is t
t  = C ar ......................................... (3-4)
The to ta l curren t from the supply w i l l  be held constant (optimum case fo r  
cc supply) fo r  small perturbations about i^
= 0    (3-5)
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where the f i r s t  term is  a lase r impedance perturbation  and the second term 
is  the capacitive current; th is  equation represents an unstable cond ition .
The maximum rate o f change o f the lase r cu rren t is  constrained by the supply 
cu rren t maximum and the shunt capacitance. The lim it in g  case consists o f 
Vj^  r is in g  and the capacitance charge current increases u n t i l  more current 
is  drawn in  the capacitive branch than the la s e r branch and the discharge 
is  lo s t .  The voltage continues r is in g  a t the rate dv /d t = i^ /C  u n t i l  the 
s ta r t in g  voltage o f the discharge is  reached ahd Vj^  s ta rts  to f a l l  and the 
discharge curren t rises . A t high currents the negative d if fe re n t ia l v - i  
c h a ra c te r is tic  decreases and a t some curren t the to ta l resistance becomes 
p o s it iv e . This p o in t is  an unstable e qu ilib rium  and any perturbations s ta rts  
the process o f f  in  the reverse d ire c tio n . O sc illa tio n  between o n /o ff o r 
two discharge values usually occurs; sometimes one cycle to  arc and then 
e le c tr ic a l fa ilu re  can occur (w ith large capacitance). Reducing the s tra y  
capacitance re su lts  in  increasing the o s c il la t io n  re laxa tion  frequency to  a 
p o in t where discharge cannot change fa s t enough to  fo llo w  and an e ffe c tiv e  
p o s itive  impedance re su lts . The current is  held but noisy operation occurs. 
Feeding the laser discharge via coaxial cable (earth screened) w ith  a b a lla s t 
re s is to r  (as described) a t the discharge end o f the cable re su lts  in  very 
s tab le  operation; inductance may be introduced also, in to  the leads to  modify 
time constants but th is  was not used in  these experiments.
These considerations are important when considering ac v - i perturbations 
due to  OGE because re laxa tion  o s c illa t io n s  may be triggered o r am plify the 
signal under in ve s tig a tio n ; capacitive  coupling o f voltage signals can be 
p a r t ic u la r ly  problematic in  th is  respect. A current value can be chosen 
which minimizes the power supply r ip p le  noise and th is  cu rren t is  not 
necessarily  the highest lase r output cu rren t. The exact noise minimum varies 
w ith  tube length diameter and cathode .
A fu rth e r discussion o f discharge noise is  given in  Chapter 9; however, 
i t  is  im portant to  notice th a t the major noise con tribu tion  was from mains 
power supply harmonics. The treatm ent o f th is  fa c to r is  necessary fo r  the
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explanation o f s ta b iliz a tio n  performance. The Irv in  C1096 cc and cv 
supply was used most extensive ly in  these experiments and the noise detected 
by a 10 kü series re s is to r  (see 3.22) is  shown in  Figure 3.211. The exact 
harmonic amplitude depended on cu rren t, gas pressure and composition, and 
b a lla s t resistance volume; typ ica l optimum lase r parameters were used: 10 mA,
26 to r r  (1 Xe, 3 COg, 4 Ng, 18 He) and 250 kn respective ly . A ll the harmonic 
noise (50 Hz to  1 kHz) is  between one and two orders o f magnitude lower fo r  
cv operation than cc operation. The long term curren t s ta b i l i t y ,  however, 
im portant fo r  constant e xc ita tio n  p o in t, was ty p ic a lly  one order o f magnitude 
b e tte r during cc e x c ita tio n , because b a lla s t heating and d r i f t  is  compensated 
in  th is  case.
Figure 3.212 shows the harmonic noise generated by the Edinburgh Instruments
123183 supplies both as manufactured and due to  subsequent improvement. The 
harmonic noise leve l is  s im ila r  to the comparable Irv in  supply when operated 
in  the cc mode.
Figure 3.213 shows the noise spectrum from the HML supply which was the 
only switched mode supply used in  these experiments. Along w ith substan tia l 
mains frequency harmonics from poorly regulated dc drive  the main in v e rte r 
operating frequency 'v. 640 Hz was observed to  always dominate a t a value o f 
'V 6.5 V, two orders o f magnitude g reater than the E .I. 1,83 supplies and four 
orders o f magnitude greater than the I r v in  supply ( in  cv). The exact frequency 
o f th is  noise changed w ith  current s e ttin g  and s ta b iliz a tio n  o f lasers was 
ju s t  possible w ith modulation frequencies very d if fe re n t to  th is  value 
(e .g . 16 Hz).
3.211 CONSTANT CURRENT AND CONSTANT VOLTAGE EXCITATION
When a laser discharge is  excited  w ith  a constant current supply 
(Figure 3.2111) and the discharge impedance Z changes (say rises) due to 
o p t ic a lly  induced e ffe c ts  then the p o te n tia l d iffe rence across the discharge 
(v^) changes (increases).
Fig. 3.211 Noise generated by Irv in  C l096 power supply during e x c ita tio n  o f 
a COg laser (discharge length 'v, 3 3  cm) a t 10 mA. The fra c tio n a l noise cu rren t 
A i / i  was evaluated from the voltage developed across the 1 0  kn series re s is to r. 
The gas composition was 1 Xe, 3 COg, 4 Ng, 18 He ( to r r ) .
(a) Detected noise voltage (200 mV/div v e rtic a l scale) w ith  154 kfi b a lla s t 
resistance. The time scale (h o rizo n ta l) is  5 ms/div. 200 mV corresponds 
to  A i / i  = 2 X 10 The upper trace shows cc and the lower cv e xc ita tio n ,
o 0 .00.2 0.4 1 .00 .6 FREQUENCY kHz
(b) The cc noise spectrum w ith  250 ko b a lla s t as measured w ith  a Dymar 771 RF 
wave analyzer.
3 x 1 0 *
0.2 0.4 0.6 0 .8  1.0FREQUENCY kHz
(c) The cv noise spectrum w ith  conditions as above.
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Fig, 3.212 Noise spectrum o f El 183 PSU w ith  experimental conditions as 
described in  F ig. 3.211. (a) shows the as-supplied u n it and (b) a fte r
in troduc ing  m odifica tions suggested by the manufacturer.
1.00 0.6 0.80.2 0.4 U O . VFrequency (kHz)
Fig. 3.213 The noise spectrum o f the switched mode HML 421 PSU w ith  the same 
experimental conditions as described in  F ig. 3.21. The major noise peak a t 
650 Hz is  shown reduced by 100 times. The rms noise flu c tu a tio n  A i / i  was 8%.
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''z "  ''const ^......... ........................................................... (3-6)
and the to ta l supply voltage v-j- is  re la ted  to  current (where R is  the b a lla s t 
resistance) conventionally
Vy = (Z + R) i ................................................................... (3 .7)
Now although the discharge impedance (Z) is  a function o f the curren t is 
because i  is  kept constant the changes o f discharge inpu t power can be 
expressed
= i^Z .............................................................................(3.8)
or in  d if fe re n t ia l terms
2
i n r  = i  ....................................... ........................................... (3-9)
Because i is  a constant the power input change AP  ^ is  d ire c t ly  p roportiona l 
to  the discharge impedance change
AP^ « AZ ......................................................................................... ( 3 . 1 0 )
Experim entally, th is  mode o f  detection requires sampling o f the tube voltage 
( in  ac case using su ita b le  capacitive  coupling) sometimes re fe rred  to  as OVE 
(precise coupling schemes w i l l  be discussed in  3.22).
The a lte rn a tive  case, used in  these experiments, is  the most commonly 
reported scheme, namely constant voltage plus series b a lla s t e x c ita tio n  where 
b a lla s t (R) is  s l ig h t ly  greater in  value than the negative d if fe re n t ia l 
impedance o f the discharge. I f  the discharge impedance changes (say rise s ) 
due to  o p tica l e ffe c ts , then the voltage v^ across the discharge i n i t i a l l y  
rises and because the to ta l supply voltage is  lim ite d
Vf = Vr + v^ ..........................................................................  ( 3 .1 1 )
(where Vp is  the b a lla s t p o te n tia l d iffe rence) when v^ rises then Vp must
reduce but because the b a lla s t (R) is  a simple Ohmic resistance
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i  = Vp/R  ....................................... ...  (3.12)
then the c ir c u i t  current f a l ls ,  necessarily . Due to  the negative d if fe re n t ia l
v - i c h a ra c te r is tic , th is  current f a l l  re su lts  in  a fu r th e r tube voltage increase,
which requires a fu r th e r  curren t reduction. The precise degree o f th is
pertu rba tion  'a m p lif ic a tio n ' depends on the slope o f the v - i  (o r more s t r i c t l y
42Z - i)  c h a ra c te r is tic . This behaviour was f i r s t  analyzed by Carswell and Wood 
who considered the discharge to be considered o f two parts : (a) the la rg e r 
con tribu tio n  which is  current dependent, Z ( i)  and (b) the sm aller co n trib u tio n  
Z' which is  o p tica l in te n s ity  dependent. I n i t ia l  o p tica l changes o f discharge 
impedance aZ' are c i r c u i t  am plified  by subsequent changes o f i  and Z ( i) .
Relating cu rren t to  impedance
i =. Vy/Zyoy^L ............................................ . . . . .  (3.13)
where = R + Z' + Z ( i) .  D if fe re n t ia tin g  (remembering the curren t
dependence o f Z ( i) )  gives a curren t change Ai due to discharge impedance 
changes aZ'
a t  = - A Z '  (VT /Z^OTAL)  • • • ( 3 - 1 4 )
Now d Z ( i) /d i is  ju s t  the current dependence o f impedance which is  t r i v i a l l y  
measured but most d i f f i c u l t  to  accurate ly compute fo r  w all dominated molecular 
discharges; the sign fo r  these kind o f discharges is  negative and hence a 
c i r c u i t  voltage gain fa c to r (6) can be defined as
G .= “^ ( VZyoyAf) (3.15)
which fo r  a l l  conditions where R > Z is  greater than un ity . Constant voltage 
w ith  series b a lla s t is  the commonest form o f e xc ita tio n  used fo r  conventional 
OGE detection and the current changes which are induced are the primary 
parameters measured. Some q u a n tita tive  measurements can s t i l l  be made over 
a curren t in te rv a l as long as d Z ( i) /d i is  measured (dynamically fo r  ac 
s igna ls) and Lawler makes use o f th is  h a lf  a n a ly tic , h a lf em pirica l approach. 
The o p tic a lly  induced voltage change across the tube is  now am plified  by the
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negative d if fe re n t ia l component and as the series b a lla s t approaches the 
value o f the discharge impedance the discharge can be switched o f f  by small 
changes in  beam in te n s ity . Large am p lifica tions occur a t low currents where 
d Z ( i) /d i is  la rges t and as (Vy/Zy) 1 then G Some
measurements o f discharge perturbations in  th is  study (and many by others) 
have been made in  th is  detection regime and these measurements genera lly 
show th a t noise increases as much or more than the signal gain fa c to r. 
O perationa lly  then there is  l i t t l e  advantage o f constant voltage plus series 
b a lla s t e xc ita tio n  (o ther than i t s  constructional s im p lic ity )  but the extra  
fa c to r o f long term laser power s ta b i l i t y  by current con tro l favours the use 
o f constant cu rren t supplies fo r  optogalvanic detection in  the lase r discharge. 
Analysis o f pertu rba tion  re su lts  is  made sim pler, d Z ( i) /d i need not be known 
o r accounted fo r ,  and b a lla s t dependence does not occur.
M icroscop ica lly  c o n tro llin g  current corresponds to  compensating fo r  the 
changes brought about (o p t ic a lly )  due to  changes in  e lectron mean free  path A. 
However, due to the increased number density (caused by k in e t ic  cooling) o f 
a l l  molecules ( in  the lase r am plifying volume) the required p o te n tia l 
d iffe rence  fo r  the discharge rise s . In the constant voltage mode as the e lectron  
mean free  path decreases the current decays and the reducing current increases 
the p o te n tia l d iffe rence  (secondary e ffe c t)  as well as the primary e ffe c t .
The cases o f p a ra lle l b a lla s t and series plus p a ra lle l b a lla s t were not 
investiga ted  but simple consideration o f the c ir c u it r y  shows th a t very s im ila r  
analysis is  required to the series case. In the pure p a ra lle l case then no 
(or l i t t l e )  voltage change across the discharge tube is  allowed but the 
cu rren t decays w ith  increasing number density (a m p lifica tio n  o f lase r beam) 
and the actual curren t change is  analogous to  the voltage change fo r  constant 
cu rren t e x c ita tio n  w ith  series b a lla s t.
62
3.22 OPTOGALVANIC PICKOFF TECHNIQUES AND CIRCUITRY
There are several possible techniques fo r  ex trac ting  the small o p t ic a lly  
induced e le c tr ic  perturbation (usua lly  ac) from the la rg e r (usua lly  dc) 
discharge e xc ita tio n  curren t. The techniques used fo r  s ta b iliz a tio n  were 
lim ite d  to  the f i r s t  fou r cases and the f i f t h  technique has been previously 
investiga ted  by Gower and C a r s w e l l a n d  Hart®^; th is  p a r tic u la r  scheme 
was investiga ted  and found to  be worse from the s igna l/no ise  respect by 
^ 30 dB. The fourth  case represents the scheme used fo r  double discharges 
(high power laser) where a l l  e lectrodes are a t elevated p o te n tia l.
1. Series Resistor R-C Coupling
This scheme is  shown in  3.221 and consists o f sensing
o p tic a lly  induced current changes (OGE) in  a re s is to r
R (value 50 ü to  50 kJi) which is  in  series w ith  the
discharge. I f  the e x c ita tio n  is  constant voltage
then ( fo r  an am plify ing  discharge) as the op tica l
f ie ld  increases then the impedance o f the discharge
increases and the curren t through the sensing
re s is to r fa l ls  reducing the p o te n tia l d iffe rence
across the re s is to r . The fixe d  dc drop across the
re s is to r  (1 to  100 V) is  blocked by the coupling
capacitor and a r o l l - o f f  f i l t e r  c ir c u it  is
established by and R to  reduce the amplitude o f
fa s t rise tim e spikes during discharge switch o n /o ff.
Typical values used in  these experiments were
R = 1 0 - 2 0  ko, = 0.5 -  1.0 vF, = 0.1 %F,
g iv ing an upper r o l l - o f f  500 ys and a lower r o l l - o f f
a t ~ 10 ms depending on the inpu t impedance o f the
a m p lifica tio n  c ir c u it r y .  A lte rn a tiv e ly , the current
flu c tu a tio n  may be sensed in  the power supply current 
124regu la to r when a cc supply is  used.
2. P a ra lle l Capacitive Coupling
125This technique used by Scholtz and S ch iffne r
“ ht
PSU
Fig. 3.221 Series re s is to r R-C coupling. This scheme was used conventionally 
fo r  OGE detection w ith a cv power supply (PSU). The output voltage (V^) is  
dependent on the value o f  R, Rg and the c i r c u i t  gain G. Z represents the 
discharge impedance and the tube cathode (k) is  supplied w ith  the negative 
HT voltage.
PSU
e  <
Fig. 3.222 P a ra lle l capacitive  coupling. Total voltage change signal is  ac 
coupled out via the blocking capacitor C. A cc supply was used and the signal 
voltage is  not fundamentally dependent on the c ir c u i t  un like the case in 
Fig. 3.221.
AA/''— f—' w  Ro I
Vo
Fig. 3,223 P a ra lle l R-C voltage p o te n tia l d iv id e r coupling. This case is  
s im ila r  to  3.222 except the R^  and R^  p o te n tia l d iv id e r reduces the dc (and ac) 
component. This coupling scheme was used frequently  in  these experiments 
p a r t ic u la r ly  fo r  the external sensing discharges.
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d ire c t ly  senses ac tube voltage flu c tu a tio ns  (OVE) 
w ith  constant current (o r constant voltage 
e xc ita tio n  w ith consequent signal a m p lifica tion ) 
using a high voltage 20 kV) dc blocking 
capacito r; the c i r c u i t  is  shown in  3.222. I f  the 
discharge current is  held constant and o p tica l 
perturbations occur, say fo r  an am plifying 
discharge, then increased beam irrad iance w i l l  
cause an increased tube voltage. The whole 
voltage change is  coupled in to  a high impedance 
inpu t via C (ty p ic a l value O.OT to  0.1 yF).
This mode gives re su lts  consistant w ith  the theory 
p red ic tion  (Chapter 7) but discharge re laxa tion  
o s c il la t io n  and capacitor breakdown frequently  
occurred w ith  destruction  o f the subsequent 
e le c tro n ic  stage.
3. P a ra lle l R-C Tube Voltage P oten tia l D iv ider Coupling 
This c ir c u i t  shown in  3.223 consists o f a high 
impedance p a ra lle l resistance sensing branch w ith
a capacitive coupling from the earthed end o f the 
discharge. As the tube voltage changes w ith  constant 
current (o r constant voltage e xc ita tio n  as above) 
then a small proportion  R i/(R i + R^) o f th is  change 
is  ac coupled via  the dc blocking capacitor. This 
technique was found to be the most f le x ib le  and a 
chain o f re s is to rs  could provide a varying 
proportion o f p ic k o ff.  The to ta l shunt resistance 
was set much la rg e r than the discharge impedance 
(R  ^ + R% > 10 Z ); typ ica l values were R^  = 9 Mm,
R^  = 1 Mn and C = 1.0 yF.
4. Transformer Coupling
This technique shown in  3.224 is  phys ica lly  comparable
l a a m a a a a a a
Fig. 3.224 Transformer coupling. This was developed in these experiments to  
avoid earth loop problems and was as useful as R-C coupling. The ac bandwidth 
is  determined by the transformer. I t  required cv power supply (PSU) and the 
o p t ic a lly  induced current flu c tu a tio n s  generate an 06E signal a t the transform er 
secondary winding.
PSU
Fig. 3.225 Induction coupling. This was used to  study the high frequency OGE 
and inves tiga te  the spa tia l dependence (w ith in  the p o s itive  column near to  the 
anode, cathode, e tc .) .
+ht VV\A-
Fig. 3.226 Transformer coupling o f tw in discharge tube: required fo r  s p l i t  
discharges where ne ithe r anode is  earthed. =' 100 ko, R^  = 250 ko. 
Typical anode p o ten tia l was 700 V - 1 kV.
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to  series re s is to r R-C coupling and is  a constant 
voltage technique (OGE) sensing current changes. 
When the current changes in  the transformer 
primary (due to  o p t ic a lly  induced impedance 
va ria tio n  in the d ischarge), then so long as the 
va ria tio n  occurs w ith in  the transform er passband 
(20 Hz to  20 kHz) then the secondary voltage w i l l  
flu c tu a te  w ith  a voltage proportional to  the 
turns ra t io . Ratios between 1:2 and 2:1 were 
su ita b le ; th is  corresponds to  an impedance coupling 
from "I' 100 kfi (discharge and b a lla s t resistance in  
p a ra lle l from the equiva lent c ir c u it )  in to  the 
p ream p lifie r and PSD inputs (~ 50 kfi).
This technique has one p a r t ic u la r  advantage, 
as long as the transform er has high voltage 
is o la tio n  then fo r  s p l i t  discharges none o f the 
electrodes need to be earthed (Figure 3.226).
This was the only method ava ilab le  fo r  the El PL3 
laser and the high power lase r constructed fo r  
these experiments. Any high q u a lity  audio 
transformer (p re fe rab ly  w ith  screen) is  generally 
adequate and fo r  10 kV is o la t io n  a Ferromag FM 
3931 is o la tio n  transform er was used. With th is  
method i t  is  im portant th a t the transformer core 
is  not saturated by the dc discharge current 
(10 to  20 mA) and th a t the primary resistance 
is  not p a r t ic u la r ly  high otherwise overdissipation 
can occur.
5. Induction Coupling
This'technique suggested by H art,^^ consists o f 
monitoring current changes by winding a c o il
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around the discharge tube; the c ir c u i t  is  shown 
in  3.225, This method was found to  have a wide 
passband and is  useful fo r  fin d in g  how the 
current was changing in  d if fe re n t parts o f the 
discharge by moving the sensing c o il .  Signal 
coupling e ffic ie n c y  rises w ith  the o s c illa t io n  
frequency. At frequencies below 1 kHz very 
poor signal to  noise ra t io  was measured (PSD 
time constants ~ 10 to  30 s required to  e x tra c t 
the signal ~ 100 to 300 yV). At 3 kHz the 
detected signal peaked fo r  ten turns o f 18 swg 
tinned copper w ire and w ith  f iv e  turns the peak 
was sh ifte d  10 kHz. The signal was ^ 30 dB 
stronger a t these frequencies than a t 100 Hz 
and the high frequency reduction o f the detected 
signal was consistant w ith  the fundamental 
decrease in  the e ff ic ie n c y  o f the high frequency 
OGE suggesting th a t e ith e r  f l a t  or increasing 
frequency response could be expected fo r  
frequencies > 50 kHz. This technique may be 
useful (and preferab le) fo r  OGE signal reception 
a t much higher frequencies.
Another s im ila r  coupling scheme suggested by Hart and Siemsen"^ is  a 
one turn  closed winding o f aluminium f o i l  which consists o f ~ 10 cm long 
s ing le  A1 loop; th is  was found to produce signal peaks 100 Hz co incident 
w ith  the la rges t noise con tribu tions from the e xc ita tio n  power supply and 
higher frequency detection was not observed so th a t cc e xc ita tio n  s ta b iliz a t io n  
could not be achieved. Otherwise detection signal to  noise (S/N) ra tio s  were 
s im ila r  to  the ten turn c o il .
A care fu l comparative analysis o f these techniques showed th a t the 
conventional series re s is to r  R-C coupling was most f le x ib le  and useful fo r
69 ..
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laser s ta b iliz a t io n , c e rta in ly  fo r  cv e xc ita tio n  and equ iva len t in  a l l  respects 
to  p a ra lle l R-C tube voltage p o te n tia l d iv id e r coupling during cc e x c ita tio n . 
This has been observed by other r e s e a r c h e r s . T h e  la t te r  choice allows 
good detection (large signal and good S/N) fo r  both cv and cc cases whereas 
the former requires care fu l se lec tion  o f the operating frequency (modulation) 
fo r  the cc mode (see Figure 4 .15). The p a ra lle l capacitive  coupling method 
w ith  cc e xc ita tio n  is  equiva lent to  p a ra lle l R-C coupling in  the cv case w ith  
a reducing low frequency response ( f  < 500 Hz) because o f the impedance 
feedback gain (see equation 3.14) which is  set to 1 by the psu current 
regu la tion  a t low frequencies. Transformer coupling was found to  be equ iva len t 
in  performance to R-C coupling so long as the transformer passband and the 
impedance matching was observed. The s p e c if ic  advantage o f e le c tr ic a l 
is o la tio n  was required in  some s itu a tio n s . Several pulse transformers were 
tr ie d  in  order to receive high frequency signals w ith  no success.
In summary, fo r  optimum S/N consistant w ith  a wide operating bandwidth 
and f l e x ib i l i t y  o f use series R-C coupling and p a ra lle l R-C coupling were 
optimum and is o la tio n  was required fo r  sa fe ty , c ir c u i t  or o ther considerations. 
Transformer coupling was as e ffe c tiv e  w ith  a reduced operating bandwidth.
The induction  coupling techniques are o f physical in te re s t fo r  the in ve s tig a tio n  
o f the pertu rba tion  e ffe c ts  lo c a lly  in  the discharge but are not 
te ch n o lo g ica lly  useful fo r  signal detection or s ta b iliz a tio n  (s ignal 30 to  
40 dB less than series R-C case).
When the s ta b il iz e r  e le c tro n ics  were s itua ted  in  a remote p o s itio n  from 
the lase r head p ream p lifie rs  were used to  boost the OGE signal to  ~ 1 V 
(20 to  50 dB ga in). This was la rg e ly  to  overcome noise generated in  the 
co -ax ia l signal cable; both hum and microphony can generate noise leve ls 
^  0.1 V and several o f the tuned p ream p lifie rs  were designed and constructed 
w ith  bandpass frequencies in  the range 16 Hz to 18 kHz. A high Q c i r c u i t  is  
not desirable as th is  can introduce phaseshifts o f the s ig n a l; i t  is  phase 
inform ation th a t is  required to  generate the sign o f the co rrection  u ltim a te ly  
fed back to the laser. By using several ( ty p ic a lly  fou r) low gain stages in
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tandem useful pream plifie rs were constructed w ith a Q ~ 5 and a gain 
G ^  100.
3.23 FEEDBACK SYSTEMS FOR ACTIVE STABILIZATION
In d iv id u a l e le c tro n ic  un its  which perform a ll  the necessary functions 
required fo r  active  laser s ta b iliz a t io n  are available commercially; however, 
they are not intended s p e c if ic a lly  fo r  servocontrol and many are not su ita b le . 
One multipurpose commercial s ta b i l iz e r  was used (Lansing 80.214) in  some o f
these experiments. A simply constructed system has been well described by
126 127Shotton and Rowley and Wallard and Wilson and two un its  constructed
to  th is  design were used in  th is  work; one is  shown in  Figure 3.231. In
most cases the servo was required to  d rive  the laser, mode to the maximum
power p o in t and hold i t  there ; a small sinusoidal modulation v^ s in  (27t f t )
is  applied to  the PZT in  order to  d ith e r  the laser frequency and generate
an optogalvanic signal when the lase r mode is  not a t lin e  centre; Figure
3.232 shows how the modulation signal is  added to the am plified  e rro r  signal
EG and fed to  the length ad justing  element PZT.
The length o f the ca v ity  is  i n i t i a l l y  set (manually) fo r  the lase r lin e
centre frequency f^ ;  any length change, due to  v ib ra tio n  or thermal expansion 
resu lts  in  a laser frequency d r i f t  to  f^  and an e rro r signal Ej is  generated. 
This e rro r signal drives the m irro r back in  order to  return the lase r 
frequency to  f^  (negative feedback). This is  never achieved to ta l ly  because 
some e rro r is  required AE /  0 in  order fo r  correction to occur and the lase r 
frequency takes a new value fg such th a t jf^  -  f^ |  < j f }  -  f ^ j  . Any 
la rg e r ca v ity  perturbation w i l l  tend to  increase |f^ -  f ^ j  and the ra t io  
fa c to r  F = " fg l /  | ' ^ 2  ’  ^ol ^ measure o f the servo's
e ffectiveness in  reducing frequency va ria tio n s , proportional to the gain o f 
the servoloop.
I t  is  also important th a t the servo can respond s u f f ic ie n t ly  fa s t such 
th a t correction  ra te  a f /a t  is  greater than any l ik e ly  d r i f t  ra te . This 
requirement sets a lower l im i t  on the servoloop bandwidth which must extend
Fig. 3.231 S ta b iliz a tio n  e lec tron ics  consisting  o f switched ac p re a m p lif ie r, 
PSD, in te g ra to rs , modulation, switched dc a m p lif ie r , and high voltage a m p lif ie r  
to d rive  PZT. The c ir c u it r y  was developed from Shotten and Rowley.
dc+acPZT
GgjE
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Fig. 3.232 The addition  o f modulation and the re c t i f ie d ,  in tegra ted and 
a m p lif ie r  e rro r s igna l.
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down to  dc to  cope w ith slow d r i f t  associated w ith long term thermal ca v ity  
d r i f t .  The upper co rrection  frequency l im i t  is  set by the necessity o f phase 
in te g r i ty  around the loop; a t h igher frequency phase changes occur and as the 
feedback becomes p o s itive  the system o s c illa te s .
Two f i l t e r  in te g ra to rs  were used in  these systems (in  a modified form 
a f te r  Shotten and Rowley^^^ a f te r  the PSD which determines the sign o f the 
e rro r signal ( to  drive  low or high frequency). The main in te g ra to r acts as 
a sample/hold c i r c u i t  in  the 'search* mode so tha t the laser can be manually 
frequency adjusted to  near lin e  centre and the dc voltage corresponding to  
th is  frequency is  's to re d ' in  the capacitor. The time varying e rro r  e tc . 
corrects th is  voltage.
Rather than am plify ing the e rro r signal and d ire c t ly  feeding i t  back 
the in te g ra to r de live rs  a s te a d ily  r is in g  correction voltage (the ra te  varies 
w ith  E^). I f  and only i f  E = 0 then the correction ra te  s f /a t  = 0; in  
th is  respect the in te g ra to r has an in f in i t e  dc loop gain. A d d it io n a lly , the 
main in te g ra to r provides post detector in te g ra tio n  (PDI) which provides a 
time averaging o f the noisy PSD output ( re c t i f ie d  ac). In these experiments 
the value o f the main in te g ra to r time constant was adjusted from 10 s ( fo r  
16 Hz modulation) to  ~ 50 ms fo r  modulation frequencies > 10 kHz.
Despite in te g ra tio n , i f  the length is  constantly changing (a f /a t  0) 
then sm all, steady frequency o ffse ts  occur proportional to  the time d if fe re n t ia l 
o f frequency. A secondary in te g ra to r was inserted to  reduce th is  e ffe c t and 
provide v e lo c ity  feedback (ra th e r than p o s itiona l feedback). The time response 
o f th is  in te g ra to r was made adjustable, in  the f i r s t  instance, over the 
range 100 s to  10 ms; i t  was intended th a t th is  would set an o ve ra ll response 
rate re s tr ic t io n  on the loop. I t  was found, however, th a t due to  the large 
capacitance ^ 0,2 yF o f the PZT elements th a t the ove ra ll re s tr ic t io n  below 
3 s was due to the slewing rate o f the high voltage a m p lifie rs . Subsequently, 
a Burleigh PZ81 high voltage a m p lifie r was in s ta lle d  which had a fa s t r ise  
time ca p a b ility .
The phase s h if ts  a t h igher frequencies must never to ta l w in  order to
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avoid o s c il la t io n . I t  is  required th a t the gain o f the system < 1 a t
th is  frequency. Any s h i f t  ^ it/ 2 re su lts  in  'hunting* o f the lase r 
operating p o in t; i t  was found th a t a u n ity  gain frequency less than the 
w/2 s h i f t  frequency (and o f course the modulation frequency) was required. 
The tra n s fe r function chosen by Shotten and Rowley was used to  give both 
acceptable high frequency correction  and hunting suppression (see Figure 
3.233). The turnover p o in t fg is  se t by the leakage resistance R^  o f the 
main in te g ra tin g  capacitor C and is  ju s t  f^  = 1/2tt R^ C and f^  is  chosen 
by the second in te g ra to r time constant.
3.3 ACTIVELY STABILIZED LASER SYSTEM CONSIDERATIONS
The general considerations in  de fin ing  the de ta iled  s truc tu re  o f OGE 
s ta b iliz a t io n  systems are
1. Type o f laser (atom ic-molecular, HeNe, COg, CO, e tc .)
2. Discharge configura tion  (s in g le , double, e tc . earthed 
te rm ina l, e tc .)
3. Power supply type (ac, dc, r f )  and noise fa c to r
4. Passive ca v ity  c a p a b ility  (mode s ta b i l i t y ,  e tc .)
5. Laser/contro l e lec tron ics  in te rfa ce  (p ic k o ff and 
s ing le/double PZT, e tc .) .
The considerations s p e c if ic  to  the subsequent app lica tion  o f the s ta b iliz e d  
laser are
6. Degree o f required s ta b i l i t y  (10%, 1%, 0.1% in te n s ity  
s ta b i l i t y  fo r  example)
7. Timescale o f s ta b i l i t y  and operating bandwidth o f 
the servomechanism. (Induced fm modulation may 
degrade the laser performance in  some cases, e tc .)
8. Dynamic performance o f e n tire  s ta b iliz e d  system 
( fo r  example w i l l  a j o l t  cause a servo driven 
excursion in  excess o f the non-s tab ilized  case and 
also can some hunting o r o s c il la t io n  be to le ra ted )
fi G
f3
LOG FREQUENCY
Fig. 3.233 Transfer function o f dc a m p lif ie r and double in te g ra to r. G is  
se t by the switched dc gain and f^  is  con tro lled  by the secondary in te g ra to r 
time constant and f^  is  determined by the primary in te g ra to r capacito r and 
i t s  leakage resistance R^.
4mm
Fig. 3.411 Beam p ro f i le  o f a compact CO^  laser f i t t e d  w ith  a 9 mm diameter 
tube. The to ta l output power was 5.2 W and the laser s ta b iliz e d  on 10P(20) 
a t - 15 MHz w ith  respect to lin e  centre.
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9. Expected d r i f t  rates due to environment 
10. Other systematic facto rs inc lud ing  cooling 
considerations and v ib ra tio n .
3.41 BEAM PROFILE MONITORING
I t  has been a d i f f i c u l t  m atter u n t i l  recently  to  measure, q u a n tita t iv e ly , 
lase r beam power rad ia l p ro f i le s .  Several manufacturers now produce m u lt i­
element detector arrays su ita b le  fo r  the purposes o f  making these measurements 
(S p iricon , Plessey, D e lta ). Various techniques have been used previously 
w ith  s ing le  detector, time re so lu tio n , o f the beam p ro f i le .  Massig^^, fo r  
example, used the ro ta tin g  m irro r method. I t  is  d i f f i c u l t  to  ca lib ra te  th is  in  
terms o f rad ia l d istance. For many years thermal image plates have been 
used fo r  q u a lita tiv e  assessment.
A Delta Developments 50 element detector array was ava ilab le  fo r  these 
experiments. As manufactured i t  was su itab le  only fo r  pulsed lase r 
measurements. In order to  prevent overd iss ipation  o f the PVF2  p y ro e le c tr ic  
elements a chopper w ith a low mark to  space ra t io  was inserted  a t the focus 
o f a simple o p tica l system. Because the array spanned 25 mm, some beam 
expansion was necessary in  order to  make maximum use o f the sp a tia l re so lu tio n . 
A simple variab le  m agnification (x 2 to x 3) beam expanding telescope was 
designed and constructed using a ZnSe lens, c irc u la r  A1 apertures and a 
low frequency 20 Hz) chopper.
Figure 3.411 shows a fa r  f ie ld  scan o f a beam from a compact laser 
operating a t 5.2 W. The, beam was generally free from sp a tia l modulation and 
had a h a lf  power diameter o f ~ 6 mm. The lase r tube diameter was 9 mm and 
i t  was a c tiv e ly  s ta b iliz e d  a t -  15 MHz w ith  respect to 10P{20) lin e  centre 
w ith  1.5 MHz FM devia tion . Over three hours the beam po in ting  s ta b i l i t y  and 
beam geometry s ta b i l i t y  were measured. The maximum change o f power received 
by any one segment was < 7%. The peak s h i f t  was not more than two segments 
0.25 mm over a distance 4 m). This requires a po in ting  angle change 
o f < 100 urad. By measuring the h a lf  power width change, a measure o f geometry
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was made. This change was less than 8%.
When the laser was allowed to  d r i f t  a series o f o ff-a x is  mode patterns 
could be generated (see Figure 3.115). Figure 3.412 shows two such patterns 
when the laser was not a c tiv e ly  frequency locked. A steady d r i f t  o f the 
mode pattern towards a stable predominantly TEM^  ^ mode occurred.
3.42 LASER HETERODYNE RECEPTION
The assessment o f frequency s ta b i l i t y  was p rim a rily  achieved in  these 
experiments by monitoring the d iffe rence  frequency o f two s im ila r  but 
independent laser systems. There are several experimental problems w ith  
th is  approach inc lud ing  systematic e rro rs , such as the locking o f one lase r 
to  the o ther, spuriously by the inadvertent mixing o f one beam in  the other
1 poa m p lif ie r and the physical non-independence o f the systems. Freed has 
used the re fle c tio n  o f a COg beam from a s a te l l i te  to  t r y  to  avoid these 
problems. U nfortunately, both these systematic errors re s u lt in  an improved 
s ta b i l i t y  being measured. In order to  is o la te  the two lasers separate coolers 
power supplies and tab les were (sometimes) used. The d e ta ils  o f these e ffe c ts  
w i l l  be more c a re fu lly  investiga ted  in  Chapter 4. The technique used in  
these experiments was to  t r y  to  induce in te n t io n a lly  these errors and then 
remove them as fa r  as possib le. A novel beam mixing technique was developed 
using a d iffu se  re f le c to r  ra the r than a beam s p l i t t e r  and th is  was found to  
be most e f f ic ie n t  a t e lim ina tin g  locking o f one laser to  the other.
The beam mixing technique consisted o f using a rough (d iffu s e ) re f le c to r  
to  sca tte r the beam energy over a wide angle. Several surfaces were tr ie d  
inc lud ing  flame sprayed metals (aluminium and copper) and sand blasted 
aluminium. The flame sprayed surfaces had a surface roughness 1 mm and 
proved to  be too rough. The sand blasted surfaces had a va riab le  surface 
roughness ~ 5 ^m to 20 ym depending on g r i t  s ize , workpiece distance from 
nozzle and pressure. The coarse sandblasted surfaces produced useful po la r 
diagrams where ^  80% o f the 10 ym beam power was re fle c te d  in to  the main 
lobe and the remaining ^ 20% scattered in to  the h a lf  hemisphere. Figure
4mm
I 4mm
Fig. 3.412 With conditions as described in 3.411 but w ithout active  
s ta b iliz a t io n  the laser d r i f t s  d isp lay ing  an array o f mode patterns such 
as these.
72
3.4212 shows the experimental s itu a tio n  where any two o f the f iv e  lasers 
(LO, US) could have beams set to a co incident po in t on the d iffu se  re f le c to r  
(DR). The two beams (B^ and B^) were set to  be a t least 20° apart and the 
d iffu se  re f le c to r  is  angled a t lea s t 45° o f f  e ith e r o f the beams. The major 
power lobe was dumped in to  bricks and the detector s itua ted  ^ 30° from B^  
and B^. The detector area and distance determines the c o lle c tio n  angle and 
a simple square law o f received power was observed by moving the detector 
c loser o r fa r th e r  from the re f le c to r .  By v ir tu e  o f  the small de tector area 
only p a ra lle l parts o f the two beams are selected and, the re fo re , the plane 
phase fro n t c r ite r io n  is  autom atica lly  met. The de tector i t s e l f  was angled 
o f f  a x is . R eflection back along the beam path is  a common source o f systematic 
e rro r, A ty p ic a l distance o f 10 to  100 cm was used in  order to  provide 
attenuation o f 1000. I t  was not possib le to  produce three re f le c to r  e ffe c ts  
or locking one laser w ith another by th is  method; a conventional beam sp litte r 
layout was also used and some locking e ffe c ts  always occurred.
3.421 ITT DETECTORS AND SIGNAL PROCESSING
A ll the COg laser mixing experiments were performed w ith  Plessey Lead 
Tin T e llu r id e  (LTT) photo-detectors; two were used o f the LXC 600 and LBC 600 
series (s e r ia l nos. C280 and 262 re sp e c tive ly ). These detectors were se n s itive  
over an 8 to 14 ym wavelength window and operated in  the photovo lta ic  mode 
a t l iq u id  nitrogen temperature (77 K). A matching Plessey p re a m p lif ie r and 
autobias u n it (CAA5345 s e ria l no. 540) was used w ith  the LXC detector and an 
a m p lif ie r  and autobias c ir c u i t  was constructed (to  Plessey s p e c ifica tio n  
CA5100J) and used w ith  the LBC detector. A d d it io n a lly , both detectors were 
used in  the unbiased non-am plified mode because very good signal to  noise 
ra tio s  existed  in  these experiments. The d e te c tiv ity  D* was 6.2 x 10^° cm 
Hz^ W”  ^ and the sens itive  area was ^ 6 x 10”  ^ cm^  w ith  a 60° f ie ld  o f view.
The detector frequency response was measured w ith  a Tektronix 466 
storage oscilloscope, Marconi TF2370 VHF spectrum analyzer and HP 8557A RF 
spectrum analyzer (w ith 8750A storage norm alizer). Figure 3.4211 shows the
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Fig. 3.4211 Frequency response o f LTT d e te c to r/p re am p lifie r. Noise (white) 
and signal + noise (grey) from LTT (Plessey LGC) detector and matched 
p re a m p lif ie r obtained by wideband FM laser heterodyne technique (see below). 
The top lin e  is  - 10 dBM (re la t iv e  to  1 mW in to  50 n) and the v e r tic a l scale 
is  10 dB/major d iv . The horizonta l frequency scale is  5 MHz per d iv is io n  w ith  
5 kHz re so lu tio n . The spectra were averaged fo r  5 minutes and the zero marker 
is  shown as a white l in e  a t the l e f t  and a 50 MHz marker is  shown as a white 
l in e  to  the extreme r ig h t.
SA
LO
DR
Fig . 3.4212 Experimental arrangement fo r  FM laser technique to inves tiga te  
the frequency response o f LTT detectors. LO - local o s c il la to r  laser generating 
beam B1 a t ~ 5 W (5 mW inc id e n t on-de tector), LS - signal laser (p rovid ing  B2 
a t ~ 1 W) modulated by PZT and modulation source M to  provide > 50 MHz FM 
d e v ia tio n , DR - d iffu se  re f le c to r ,  S - sh u tte r, R - m a jo rity  o f laser ra d ia tio n , 
LTT - detector w ith preamp (P) and spectrum analyzer (SA). The detector is  
angled o f f  normal to  avoid back re fle c tio n  in to  the laser and the distance 
from DR to LTT is  adjusted to  ensure s u f f ic ie n t  attenuation 1:1000).
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wideband spectra o f the frequency d iffe rence  signal detected by the LGC 
de tecto r; a d iffu se  d e fle c to r was used to  d ire c t a small proportion o f the 
beams from two COg lasers (operating s ing le  lin e  10P(20)) onto the de tector. 
One laser was frequency modulated across the e n tire  lin e  segment range by 
the PZT w h ils t the other was lin e  centre s ta b iliz e d  (see Figure 3.4212),
A spectrum analyzer (Marconi TF2370) average was taken over f iv e  minutes fo r  
the noise (no inc id e n t beam, sh u tte r S in  beam) and the signal plus noise 
fo r  ~ 5 mW and ~ 1 mW o f loca l o s c il la to r  laser beam and modulated signal 
beam. The noise spectrum is  determined la rg e ly  by the p re a m p lifie r.
Several d is t in c t  noise spikes in  the 5 to 25 MHz range were recurrent and 
due to  p a ra s it ic  behaviour o f the p re am p lifie r.
A 50 dB ('^ 350 times) signal above noise is  seen up to  'V' 10 MHz fa l l in g  
to  30 dB 35 times) fa c to r  a t 20 MHz. Some s ignal ~ 3 dB above noise 
is  detected up to  40 MHz and c le a rly  th is  detection system o ffe rs  a s u f f i c ie n t 
bandwidth c a p a b ility  fo r  the in ve s tig a tio n  o f beat frequencies o f signature 
lin e  selected COg lasers.
A frequency response te s t was required in  order to  show th a t the 
d e te c to r/p re a m p lifie r combinations were adequate to receive any heterodyne 
signals generated by two same-line lasers. The LBC detector had a very 
s im ila r  bandwidth performance but the p re am p lifie r was 'x» 10 dB n o is ie r  a t 
low frequencies. Both d e te c to rs /a m p lifie rs  showed - 3 dB responses a t the 
low frequency extreme o f ~ 20 kHz. This l im i t  is  determined by the 
p re a m p lifie r; the detectors w i l l  respond down to  dc but T / f  noise dominates 
a t low frequencies and th is  requires th a t the signal is  attenuated fo r  
frequencies < 50 Hz fo r  time domain s ignal reception ( i . e .  osc illoscope).
These detectors behave as Johnson noise sources above 50 Hz and the e ffe c tiv e  
resistance is  3q.
4 .0  OPTOGALVANIC ACTIVE STABILIZATIO N  OF COp LASERS
I t  has been b r ie f ly  o u tlined  in  Chapter 1 how a lase r (COg or otherwise) 
can be a c tiv e ly  s ta b iliz e d  by a feedback loop. I t  has also been described
74
in  Chapter 2 how optogalvanic (OGE) signa ls can be detected in  gas discharges 
and how both amplitude and phase o f the OGE signals can be u t i l iz e d  in  a 
n u ll seeking laser s ta b il iz e r .  In th is  chapter the de ta iled  descrip tion  o f 
ac tive  s ta b iliz a tio n  o f COg lasers by the optogalvanic e ffe c t w i l l  be 
given. The main emphasis w i l l  be on the a n t i - d r i f t  c a p a b ility  o f passive ly 
stab le  o s c illa to rs  frequency locked by th is  method» In Chapter 6 d e ta ils  
o f fa s te r response feedback systems w i l l  be presented w ith  an explanation 
o f the high frequency optogalvanic e ffe c t in  COg. In th is  chapter the 
discharge used as the OGE source is  the main laser am plify ing discharge 
p o s itive  column and unless otherwise sta ted , the servomechanism was locked 
to  l in e  centre o f the 10P(20) tra n s it io n  w ith  wavelength 10.59 ym.
S u ff ic ie n t descrip tion  o f the fundamental m icroscopic processes are given 
to  explain the experimental s ta b iliz a t io n  re su lts  but the major th e o re tica l 
treatment is  presented in  Chapter 7. This chapter also deals w ith  the 
lim ita t io n s , both fundamental and system atic, o f the performance o f the OGE 
s ta b iliz a t io n  o f COg lasers and the reso lu tion  o f some o f these lim ita t io n s  
is  explained in  the succeeding chapters. O vera ll, the experimental re su lts  
show th a t OGE active  s ta b iliz a tio n  is  a simple, e f f ic ie n t ,  cost e ffe c t iv e  
and v ib ra t io n a lly  in se n s itive  s ta b iliz a t io n  method which brings considerable 
improvement in  performance and which is  u ltim a te ly  capable o f s ta b iliz a t io n  
to  a high degree.
When a COg laser, which is  dc constant cu rren t (cc) excited o s c il la te s , i t  
undergoes an increase o f discharge vo ltage. Figure 4.01 shows in  a 
s im p lif ie d  way, the vo ltage /curren t changes which have been observed by many 
authors (S ko ln ick^^, S ch iffne r^^ , Stefanov^^, Smith and Brooks^^, e tc . ) ;  these 
changes have sometimes been m is in terpre ted by both poor descrip tion  and lack 
o f care, in  describing the type o f supply (cc, cv, b a lla s t, e tc . ) ,  discharge 
condition changes (pressure, composition, e tc .)  and assumptions about phase 
changes.
Figure 4.01 shows the slow changing ^  OGE signal obtained by the 
conventional series re s is to r  R-C coupling method w ith  cv e x c ita tio n  inc lud ing
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Fig. 4.01 The optogalvanic changes th a t occurred due to changing laser 
irrad iance  I ,  when cv plus series b a lla s t e xc ita tion  was used.
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series b a lla s t s l ig h t ly  la rg e r in  resistance than the discharge (Rg > Z).
As the lase r stim ulated emission f ie ld  increases (as m irrors are a ligned) 
the discharge impedance (Z) rises and consequently the discharge voltage 
(v^) rises and the current ( i )  reduces due to the negative d if fe re n t ia l 
v - i ch a ra c te ris tic s . The precise amplitude o f the change depends on the 
v - i ch a ra c te r is tic  which determines the c ir c u i t  gain (see equations (3.11) 
to  (3 .1 5 )). As a consequence o f reducing current the series re s is to r  
p o te n tia l d iffe rence (v^^) f a l ls .  I t  is  th is  reducing voltage ( i . e .  the 
step component which is  the conventional OGE s igna l) which reduces 
w ith  the commencement o f lase r ac tion . I t  is  not p a r t ic u la r ly  useful to  
measure the exact voltage changes fo r  a given op tica l in te n s ity  fo r  th is  
mode o f operation (as most previous authors have t r ie d ) ,  because o f the 
uncerta in ty  in  the c i r c u i t  gain fa c to r  dependent upon power supply source 
resistance, c ir c u i t  parameters (exact b a lla s t value, e t c . ) ,  gas pressure 
and composition and discharge tube d e ta ils  (diameter, length , cathode 
type, e tc . ) .  In th is  work i n i t i a l  consideration was given to  cc e x c ita tio n  
and the measurement o f to ta l discharge po te n tia l d iffe rence . Figure 4.02 
shows the increase o f discharge voltage a t a cc o f 15 mA fo r  a compact lase r 
discharge tube fo r  the increase o f laser output power (adjusted by p a r t ia l 
misalignment o f the laser output coupler). A de ta iled  descrip tion  o f 
accurate measurement o f OGE e ffe c ts  by th is  unambiguous technique is  
presented in  Chapter 8 but here i t  is  s u f f ic ie n t  to  no tice  the approximate 
l in e a r ity  o f the e ffe c t  w ith  some sa tu ra tion  a t high output powers and see 
how a minimum change o f discharge macroscopic parameters (e .g . voltage) 
w i l l  occur w ith length d ith e r  a t lase r lin e  centre where the output power 
changes are minimum ( f l a t  top o f gain p ro f i le ) .
The upper p a rt o f Figure 4.03 shows the set o f v ib ra tio n a l ro ta tio n a l 
energy leve ls associated w ith  in fra re d  stim ulated emission from CO ,^ 
responsible fo r  laser ac tion . The asymmetric s tre tch  mode f i r s t  excited 
leve l is  the upper lase r le v e l; i t  is  s itua ted  'v 2500 cm  ^ above the ground 
s ta te . The whole set o f s im ila r  leve ls (00°n when n = 1, 2, 3, . . . ) ,
4.9
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LASER OUTPUT POWER Cw)
F ig . 4.02 Increased discharge voltage due to  laser o s c il la t io n  fo r  compact 
COg lase r f i l l e d  w ith  2 Xe, 2 COg, 4 Ng, 15 He and f i t t e d  w ith  90% re fle c t in g  
output coupler.
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Fig. 4.03 A s im p lif ie d  diagram o f the CO^  k in e tics  re layen t to  the 
optogalvanic e ffe c t and (below) the sequence o f changes leading to th is  e ffe c t
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which constitu tes the asymmetric s tre tch  mode population, is  supplied by 
the discharge w ith  v ib ra tio n a l energy from v ib ra t io n a lly  excited Ng molecules 
by near (energy) resonant c o ll is io n s  which exchange th is  energy (v ib ra tio n a l-  
v ib ra tio n a l c o llis io n s , V-V). Ng molecules have a large cross-section fo r  
d ire c t e lectron impact e x c ita tio n  and i t  is  predominantly through th is  
process th a t the energy from the e le c t r ic  current is  transfe rred  to  the COg 
asymmetric s tre tch  mode. Other mechanisms o f reasonable p ro b a b ility  ( a l l  
such are ca lled  pumping mechanisms) include d ire c t e lectron  impact o f COg 
molecules and v ib ra tio n a l energy exchange from v ib ra t io n a lly  excited CO 
molecules which are abundant due to  COg d issoc ia tion  in  the discharge in to  
Og and CO which is  subsequently excited by e lectron impact in  the same 
manner as n itrogen. A large proportion o f th is  inpu t discharge energy
1 ?q60%) is  coupled in to  the COg asymmetric s tre tch  mode by these mechanisms 
and i t  is  the subsequent re laxa tion  processes which are o f immediate 
importance in  the understanding o f the gas temperature explanation o f COg 
OGE (reviewed, in  Chapter 2.4),.
The la rges t proportion o f energy is  lo s t from the COg asymmetric s tre tch
mode by v ib ra t io n a l-v ib ra t io n a l- tra n s la tio n a l (V-V-T) process v ia  the 00°1
upper lase r le v e l; th is  re laxa tion  process
COg (00°1) + M ^  COg (n,m,o) + M +
where M represents a l l  the possib le  c o ll is io n  partners (COg, CO, Og, Ng, He,
Xe) transfe rs  the surplus energy to  k in e t ic  energy (T^) o f a l l  the molecules. 
This generalized exothermic process, shown by the bold arrow in  Figure 4.03, 
has been considered in  d e ta il by several a u t h o r s , Normal l y, th a t is  
in  a discharge which is  not los ing  energy v ia  stim ulated emission, a l l  
re laxa tion  from the 00^1 leve l is  by th is  route w ith  a subsequent k in e t ic  
heating o f the gas. An e q u ilib riu m  temperature d is tr ib u tio n  is  estab lished 
across the diameter o f the discharge tube w ith  a re su lta n t number density 
p ro f i le  across the diameter.
The lase r process (shown as the le f t  hand arrow in  Figure 4.03) competes
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d ire c t ly  w ith  the c o llis io n a l re laxa tion  process; both processes tra n s fe r 
the COg excited population to  a c lose ly  coupled group o f leve ls (e q u ilib r ia te d  
by very rapid c o llis io n s )  which are la b e lle d  (the lowest s ta te ) 01°0 fo r  
convenience. This 01°0 set ra p id ly  relaxes to  the ground sta te  by exothermic 
V-T processes which tra n s fe r a l l  the v ib ra tio n  energy to  k in e t ic  energy 
o f the p a rt ic le s .
I f  the COg discharge becomes a la se r, by op tica l feedback, then energy 
is  d ire c t ly  coupled out o f the 00°1 leve l by 10 ym photons and a to ta l energy 
o f E^lasER (due to  n photons) is  lo s t  from the re laxa tion  system. At th is  
stage the approximation o f constant pumping w i l l  be made; th is  w i l l  need 
a tte n tio n  in  7.4. During an increase o f lase r f ie ld  (ERASER) ^ decrease o f 
00°1 population occurs which re su lts  in  a f i r s t  order decrease o f V-V-T 
processes and a d ire c t decrease o f energy in to  tra n s la tio n  (heating the 
gas). The lower pa rt o f Figure 4.03 shows the re su ltin g  sequence o f changes 
tak ing  place in  the discharge. An increase in  laser f ie ld  re su lts  in  a 
decrease o f energy to  tra n s la tio n  (Ty). This reduced gas heating re su lts  
in  a reduced temperature o f the gas. For a constant volume (some o f which 
is  ra d ia tin g  and some not) the ra d ia tin g  volume w i l l  have an increased 
number density o f p a rtic le s  in  the lo c a lly  cooled p a rt o f the discharge 
(k in e t ic  coo ling ). This increases the e lectron  c o ll is io n  ra te (more 
partners fo r  c o ll is io n )  which is  displayed macroscopically as a discharge 
impedance increase. A d d it io n a lly , as suggested by Lobov^^ changes in  the 
q u an tity  o f energy exchanged per electron-molecule/atom c o ll is io n  may occur.
The increased discharge impedance due to  increased lase r f ie ld  fo r  cv 
e x c ita tio n  resu lts  in  a curren t decrease w ith  a po te n tia l d iffe rence  
reduction across a series resistance. A lte rn a t iv e ly , fo r  cc e xc ita tio n  an 
impedance increase re su lts  in  a discharge tube voltage increase. For a 
reduction o f  laser f ie ld  the opposite re s u lt is  obtained (see Figure 4.03).
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4.1 DISCHARGE v - i CHARACTERISTIC CHANGES AND OGE SIGNATURE INVESTIGATIONS
The app lica tion  o f OGE processes fo r  s ta b iliz a t io n  requires some 
consistent measurement o f the magnitude o f the e ffe c t ;  cc e xc ita tio n  and 
tube voltage changes were used fo r  th is  reason and Figure 4.11 shows the 
m anifestation o f the optogalvanic e ffe c t in  good q u a lita t iv e  correspondence 
to  the gas temperature explanations given so fa r . For a p a r t ic u la r  laser 
discharge current (say 20 mA) as the lase r output power is  increased (by 
m irro r alignment) then the discharge voltage rises ( in  an approximately 
lin e a r manner) as shown in  Figure 4.02. Also shown is  the ava ilab le  lase r 
power w ith  discharge current. Reduced values o f output power were obtained 
by misalignment o f the lase r output coupler. The voltage change a t 5 mA 
is  la rg e r and a t 20 mA much sm aller, but when cv e xc ita tio n  is  used many 
more parameters come in to  the analysis. This cc e xc ita tio n  measurement 
technique gives a consistent measure o f magnitude fo r  the e ffe c t . The one 
outstanding parameter o f importance is  the re la tio n sh ip  between the lase r 
f ie ld  w ith in  the cav ity  (beam irrad iance ) and the laser output power ( th is  
is  shown in  equation 7,27).
A measure o f the magnitude fo r  la se r o n /o ff perturbations ^ 5 to  10% 
was obtained (see Figure 4.11) and fo r  s ta b iliz a t io n  typ ica l va ria tio n s  o f 
laser power due to modulation ( fo r  generation o f an e rro r s igna l) would be 
^  1%, there fore  the e le c tro n ic  c ir c u it r y  must detect a discharge voltage 
pertu rba tion  o f ^  0.05 to  0.1%. Figure 4.12 shows an optogalvanic signal 
(detected by R-C coupling and cv e x c ita tio n ) due to PZT length (w ith  
associated amplitude) lase r modulation. The length modulation has been set 
to ~ 150 times the typ ica l s ta b iliz a t io n  case and, the re fo re , the laser 
f ie ld  pertu rba tion  is  the maximum ava ilab le  from the signature (T, 25% 
amplitude modulation depth). The modulation frequency o f 520 Hz lie s  between 
the 500 Hz (10th) and 550 Hz (11th) power supply harmonics. The signal 
amplitude is  'v 10 dB above these harmonics and th is  demonstrates th a t during 
the s ta b iliz a t io n  a typ ica l maximum e rro r  s ignal may be 35 dB below adjacent 
power supply harmonics. Some de ta iled  discussion o f the signal recovery
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Fig. 4.11 V aria tion  o f laser discharge voltage w ith  discharge curren t fo r  
lase r output powers and va ria tio n  o f maximum laser output power w ith  discharge 
cu rre n t, fo r  a compact COg lase r (33 cm discharge length, 25 cm active  length) 
w ith  a gas m ixture 1 Xe, 3 COg, 4 Ng, 16 He ( to r r ) .
520 Hz OPTOGALVANIC SIGNAL 
150X OPERATIONAL MODULATION LEVELi
0.4 0.6 0.8 1.0
FREQUENCY [kHz
Fig. 4.12 Optogalvanic signal a t 520 Hz detected by R-C coupling and w ith  
cv e x c ita tio n . The PZT modulation is  'v- 200 V which is  ty p ic a lly  150 times 
the operating leve l fo r  s ta b iliz a t io n . This shows the dominance o f the PSU 
mains harmonics in  the noise spectrum; the v e rtic a l scale is  re la t iv e  10 dB/ 
major d iv is io n .
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problem is  given in  9.1.
The passively stable lasers used fo r  these experiments (described in  
3.11) were o f simple construction , designed fo r  e ffic ie n c y  and high output 
power per u n it volume; as a re s u lt s ignature se lection was used. The 
optogalvanic e ffe c t gives simple access to  signatures^^*^^ which are 
conventiona lly  detected o p t ic a lly  (see Figure 1.14). As the length o f the 
lase r ca v ity  is  adjusted w ith  a slow ramp voltage the resonator se lects 
a series o f lines  o f greater o r lesse r gain which o s c illa te  a t various power 
le ve ls . As the lase r output power (and irrad iance) vary an OGE signal can 
be obtained which due to the near l in e a r it y  o f the e ffe c t gives an e le c tr ic a l 
s ignal p roportion to  lase r output which can be viewed on an oscilloscope 
d ire c t ly ;  Figure 4.13 shows a tra c in g  o f an OGE signature taken by th is  
method.
The OGE signature must be scanned slow ly because the reception bandwidth 
( fo r  small phase changes see Chapter 6.0) is  lim ite d  to  ~ 800 Hz. Typical 
signatures ( fo r  50 cm lasers) d isp lay an array o f ~ 8 lin e s  per h a lf  
wavelength in te rv a l or ~ 16 maxima and minima» (tu rn ing  p o in ts ). A su ita b le  
c r i te r io n  fo r  lin e  reso lu tion  is  the time t^yg (second) fo r  one h a lf  wavelength 
scan
t^y2 >    . . . . . . . . .  (4 .1)
where n is  the number o f lines  per h a lf  wavelength in te rva l and f  is  the h a lf  
power bandwidth o f the OGE detection system. For the lasers under consideration
^ 0.055 s ...................................................   (4 .2)
a c r ite r io n  which was met w ith  a 500 V scan o f duration time 0.2 ms. OGE
signatures can give an in d ica tio n  o f the sp a tia l mode pattern o f the lase r
being monitored; th is  provides v i ta l  inform ation fo r  s ta b iliz a t io n  procedure
(Chapter 1).
Figure 4.14 shows several optogalvanic signatures detected by series 
re s is to r  R-C coupling w ith  cv e x c ita tio n . Photographs A and C show 'c le an '
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Fig. 4.13 A typ ica l optogalvanic signature obtained w ith  a 500 V ramp 
(4.4 pm length change) during 200 ms. The optogalvanic signal source was a 
10 kü re s is to r  in  series w ith  the discharge. A ll lines  in  th is  signature are 
00°1 - 10°0 band and were id e n t if ie d  by an Optical Engineering spectrum 
analyzer; the peak laser output is  7 W.
(a) Single mode signature
(b) Multimode signature
(c) S ingle mode signature
(d) Multimode signature
Fig. 4.14 Compact COg lase r (35 cm ca v ity ) signatures w ith  horizon ta l axis as 
distance ~ 5 pm and v e r tic a l axis lase r power (a rb itra ry  u n its ) . Two s ing le  mode 
signatures are presented ((a ) and (c )) and two multimode signatures ((b ) and (d )) 
The s ing le  mode signatures have less tu rn ing  points (n ~ 20) and w ider power 
flu c tu a tio n s  ('v 30%) than the multimode (n 40 fo r  two modes and power 
flu c tu a tio n s  ~ 15%).
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signatures w ith  a shape th a t was reproducible over several hours, whereas 
photographs B and D show signatures w ith  many more maxima and minima which 
deviate much less from the mean power leve l and change more qu ick ly  w ith  
time (seconds to  m inutes). By observing the laser beam p ro f i le  w ith  the 
scanning beam p ro f i le  monitor these beams were found to  be composed o f a t 
lea s t two transverse modes; sometimes three or fou r modes could be id e n t if ie d  
by studying the fa r  f ie ld  pa tte rn . Apart from the fundamental mode 
in  c y lin d r ic a l co-ord inates) TEM^^^ and TEM^^^ modes were id e n t if ie d
fo r  lasers w ith  in s u f f ic ie n t  sp a tia l mode se lection  (see 3.11, 3.15 and 3.41). 
The number o f maxima and minima increases because there are more possible 
x/2 so lu tions fo r  the resonator equation when several modes are present 
(see equation 1 .6 ). The power leve l does not deviate as much because sho rte r 
excursions from a lin e  centre s ta r t  a new o s c il la t io n . Although th is  is  a 
good q u a lita t iv e  method o f assessing mode q u a lity  ce rta in  p a r t ic u la r  'le n g th ' 
pos itions ( a l l  length changes induce some angular change) may b ring  about 
multimode operation which cannot be observed simply in  the signature.
In order to  determine the passband o f the optogalvanic detection system 
experiments were performed i n i t i a l l y  up to  a frequency o f 2 kHz to es tab lish  
the choice o f optimum signal frequency; subsequently, experiments were 
performed w ith  frequencies up to  100 kHz and these re su lts  are presented in  
Chapter 6. A compact laser was frequency modulated by applying a p a r t ic u la r  
amplitude sine wave (determined by the PZT c a lib ra tio n , see section 3.14) 
in  order to  length modulate the ca v ity  by 80 nm and the operating p o in t on 
the s ignature chosen so th a t the OGE signal was maximum (maximum lin e  p ro f i le  
s lope). Figure 4.15 shows the OGE signal detected by a 10 kfi series re s is to r  
obtained by sweeping the o s c il la t io n  frequency over the range 10 Hz to 2 kHz. 
The small ('v. 0.1%) discharge impedance change causes a curren t change in  the 
cv e x c ita tio n  case (dependent on the gain p ro f i le )  a t low frequencies 
( f  < 100 Hz) equal in  value to  the dc pertu rba tion . As the period o f the
modulation frequency becomes comparable w ith  the 00^1 c o ll is io n a l re laxa tion  
time ("\, 0.5 ms) the current f lu c tu a tio n  A i / i  is  attenuated as expected from
o CONSTANT V 
o CONSTANT I
MODULATION FREQUENCY (Hz)
Fig. 4.15 V a ria tio n  o f optogalvanic signal ( A i / i ) ,  detected w ith  a series 
10 kü re s is to r , w ith  a change o f length modulation ( fix e d  a t 80 nm) frequency 
fo r  a compact COg lase r. The cases o f cc and cv e xc ita tio n  are d is tingu ished ; 
in  the cc case the cu rren t flu c tu a tio n s  are attenuated, whereas OGE response 
increases w ith  decreasing frequency (to  the dc l im it )  fo r  cv e xc ita tio n  
( I r v in  C23106 PSU).
MIX
 i  ---H V
SUPPLY
AC ■
COHERENTINTEGRATE PSDDC AMP FILTER
SET I 
LASER <<J REFERENCEPHASE SHIFTER
OSCILLATOR
Fig. 4.21 Schematic diagram o f an optogalvanic s ta b iliz e d  CO^  lase r where 
the OGE signal is  RC coupled via  R^  and C^. F a c il i t ie s  fo r  o ffs e t locking 
and manual se ttin g  o f the operating p o in t were included. The in te g ra to r 
was a two stage c i r c u i t  w ith  adjustable time constants ~ 1 s.
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53the gas temperature explanation.
In the constant current case no va ria tio n  o f current occurs w ith in  the 
supply regu la tion  bandwidth. Consequently, no OGE signal is  observed a t low 
frequencies, but a signal is  detected a t frequencies greater than the curren t 
re gu la to r can compensate; fo r  the Irv in  C1096 supply the 50% regu la tion  
p o in t was measured as 240 Hz; fo r  the El 183 supply i t  was 130 Hz. This re s u lt 
was achieved by using a va riab le  speed chopper which switches the ra d ia tio n  
f ie ld  (10 ym) on to  o f f  and by measuring the voltage pertu rba tion  detected 
across the discharge (corrected due to  the known OGE r o l l - o f f ) .
To summarize, a constant voltage ra th e r than a curren t regulated supply 
permits current flu c tu a tio n s  whereas a cc supply suppresses these flu c tu a tio n s  
w ith in  a fixe d  regulation bandwidth. Because i t  is  usually advantageous to  
use a cc supply in  s ta b iliz e d  lase r systems to  e lim inate  long term current 
d r i f t ,  the OGE reference frequency (modulation) must l ie  outside the 
regu la tion  band ( ty p ic a lly  200 Hz) and, there fo re , reference frequencies 
in  the band 400 to  780 Hz were chosen so th a t power supply harmonics were 
avoided. (A lte rn a tiv e ly , some re s tr ic t io n  o f the regu la tion  bandwidth by 
a lte r in g  the supply feedback loop time constant may be used w ith  the proviso 
th a t a su ita b le  minimum, 10 Hz is  chosen so th a t the m a jo rity  o f cu rren t 
d r i f t s  are e lim ina ted ).
4.2 COMPACT SYSTEM PERFORMANCE
The schematic diagram o f the OGE servomechanism used to  s ta b iliz e  the 
compact COg lasers is  shown in  Figure 4,21, The feedback loop u t i l iz e s  a 
series re s is to r  (R^) in  the supply earth l in e  as a signal de tector. E ith e r 
a tuned p re am p lifie r o r a broadband a m p lif ie r  (100 Hz to  10 kHz) was included 
in  the e le c t r ic a l ly  screened lase r head; transformer coupling to  external 
c ir c u i t r y  ensured safety and reduced earth loop problems. The combination 
o f  Rj and provided a low pass f i l t e r  response to  reduce power supply 
trans ien ts  (~ 1 kHz r o l l - o f f )  and the coupling capacitor (dc b locking) C^, 
was chosen fo r  a low frequency r o l l - o f f  10 Hz.
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The pream plified OGE signal was am plified  by a switched gain wideband 
ac a m p lif ie r  (s itua ted  in  the external e le c tron ics ) so th a t the in p u t o f 
the coherent filte r/P S D  was presented w ith  a signal + noise voltage near 
sa tu ra tion  (8 V peak to peak). The PSD was locked by the reference 
o s c il la to r  and a variab le  quan tity  (o f reference s ign a l) was fed to  the 
PZT (to  d ith e r the cav ity  length) by mixing e ith e r w ith  the e rro r  signal 
or w ith  the am plified e rro r signal (as shown) by a capacitive  mixer. The 
PSD was also fed w ith  an attenuated signal a t the reference frequency in  
order to o ffs e t the operating p o in t from lin e  centre. The e rro r voltage 
derived from the PSD was fed to  the in te g ra tio n  and dc a m p lifica tio n  
c ir c u i t r y  (see 3.23) w ith  a dc bias voltage (se t laser) used to  manually 
tune the laser i n i t i a l l y  to  the required s ta b iliz a t io n  frequency. For 
o ffs e t locking the ac o ffs e t voltage (reference frequency) was added to 
reduce the in te g ra to r inpu t to  zero. Double in te g ra tio n  was used w ith  a 
l im it in g  time constant o f ~ 1 s. The dc am plified  (switched gain) e rro r  
signal was fed to  a stab le  high voltage a m p lif ie r  w ith  s u f f ic ie n t  d rive  
ca p a b ility  to  drive  the PZT from 0 to  1 kV in  1 to  2 seconds.
Measurement o f the lase r passive s ta b i l i t y  was required i n i t i a l l y  
in  order to
1. Optimize passive s ta b i l i t y
2. Find operational c r i te r ia  fo r  feedback system
3. Find baseline values o f in s ta b i l i t y  and determine 
the improvement brought by s ta b iliz a t io n .
F ir s t ly ,  considerable understanding o f facto rs  co n trib u tin g  to  in s ta b i l i t y  
was obtained by long term output power m onitoring. Figure 4.22 shows the 
lase r output powers over the f i r s t  fou r hours o f operation a f te r  the 
discharge was switched on. The worst case (A) was fo r  a ca v ity  w ith  
aluminium as the length d e fin ing  m ateria l otherwise s im ila r  to  the compact 
lasers constructed la rg e ly  o f inva r (B) intended fo r  s ta b il iz a t io n . The 
in va r ca v itie s  had a sm aller amplitude power d r i f t  i n i t i a l l y  ('v 50%) and
a fte r  ~ 1-| hours g re a tly  reduced power f lu c tu a tio n s ; the number o f output
P / P =  10%
2 3 4
T IM E  AFTER S W IT C H  ON (hours)
Fig. 4.22 S ingle mode laser power flu c tu a tio n s  (no ac tive  s ta b iliz a t io n )  fo r  a 
compact COg laser operating a t 7 W fo r  4 hours a fte r  e le c tr ic a l switch on, fo r  
tap water cooling. Trace A: aluminium ca v ity  construction , on wooden bench w ith  
no cover; B: inva r ca v ity  w ith  p a rt o f o p tica l axis open to draughts; C: as B 
but w ith  lase r cover f i t t e d ;  D: as C but w ith  close f i t t e d  draught s h ie ld ; E as 
D but w ith  laser mounted on Ealing a n ti v ib ra tio n  tab le .
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Fig. 4.23 Single mode 10P(20) fra c tio n a l frequency d r i f t  (uns tab ilized ) o f 
a compact (40 cm ca v ity ) COg laser ( • )  and longer (120 cm ca v ity ) lase r ( i )  
designed fo r  sequence band operation, a f te r  30 minutes warm-up period and 
set i n i t i a l l y  to  lin e  centre.
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power sign changes was always noticeab ly less. The th ird  case (C) shows how
some sh ie ld ing  from draughts (w ith  the associated re fra c tiv e  index
turbulence) by the complete enclosure o f the laser head reduces the high
frequency (^  1 s) flu c tu a tio n s  by a fa c to r o f 4. By using a c lose ly  f i t t i n g
(50 mm diameter tube) draught sh ie ld  so th a t no p a rt o f the o p tica l path
is  open to  draughts (D) the high frequency amplitude noise is  e lim inated
w ith in  the reso lu tion  o f the power meter 0.01 W in  7 W). Some serious
long term flu c tu a tio n s  occur in  the f i r s t  1| hours but a f te r  th is  period
an ove ra ll s ta b i l i t y  o f ~ 5% was measured (s ing le  lin e  operation) fo r  up
to ten hours. When the laser head was mounted on the Ealing a n tiv ib ra tio n
tab le  (ra th e r than a wooden bench) s im ila r  performance was observed w ith
less discontinuous power s h if ts .  The la rg e s t component o f va ria tio n  in
power can be seen to  occur in  the f i r s t  20 minutes and a fte r  1 hour ‘ warm
up’ complete immunity ( fo r  a working day) from rapid change occurs. The
best passive amplitude s ta b i l i t y  is  4%, The 'warm up' phenomenon has
131been observed by other researchers and i t  is  postulated here th a t i t  
is  due to  heating o f the o p tica l components (m irro rs , Brewster windows and 
the tube) by the beam, A small amount o f power ~ 2% (about 2 W in  these 
lasers) is  d issipated in  the optics and the time required fo r  the output 
coupler to  reach 99% o f the asymptotic temperature due to  th is  heat in p u t 
would be 10 minutes. As the o p tica l elements expand a f i r s t  order 
frequency change occurs which' is  not ca v ity  dependent and th is  could be 
the i n i t i a l  power decay (due to  detuning) seen in  a l l  the traces in  4.22 
(approximately 20 m inutes); in  a l l  cases the cav ity  was set to  optim ize the 
output power a t 10P(20) l in e  centre. In cases (D) and (E) some s tru c tu re  
is  resolved w ith in  th is  period but i t  is  masked by draught noise in  (A),
(B) and (C). There is  a feedback e ffe c t due to th is  heating; the experience 
causes LF detuning which reduces the laser power, consequently the heat 
in p u t to  the optics is  lowered which reduces the ra te  o f temperature r is e . 
This slowing down o f the ca v ity  detuning ra te  causes the f in a l e qu ilib rium  
to  be reached very s low ly. This is  the probable explanation o f the output
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behaviour a f te r  20 minutes and up to 1 hour which has increased power 
flu c tu a tio n s  compared w ith  the u ltim a te  performance.
The frequency d r if ts  o f the lasers a f te r  switch on was measured by 
the heterodyne technique and Figure 4.23 shows fra c tio n a l frequency d r i f t  
during the f i r s t  hour. By comparison w ith  a lin e  centre s ta b iliz e d  la se r, 
the freerunning laser was switched on e le c t r ic a l ly ,  set to  lin e  centre (zero 
beat frequency) and then le f t  to d r i f t .  The experiment was performed many 
times and these resu lts  show some ty p ic a l frequency excursions. Two cases 
are shown fo r  s im ila r  lase rs , a compact COg lase r (ca v ity  length 35 cm) 
and the sequence band laser (ca v ity  length ~ 110 cm). I n i t i a l l y  (1 minute) 
the d r i f t  ra te  is  slow; i t  subsequently increases and u ltim a te ly  reduces 
(a f te r  20 minutes) in  agreement w ith  the hypotheses due to  the amplitude 
measurements. The in i t i a l  slow d r i f t  suggests th a t when the lase r is  
constrained near lin e  centre (< 0.5 MHz) the d r i f t  ra te  is  small but between 
1 MHz and 'v. 10 MHz o f f  lin e  centre the d r i f t  ra te  is  large and then reduces 
again (poss ib ly  due to eq u ilib riu m  temperature being achieved in  the o p tic s ) . 
This low d r i f t  rate is  observed fo r  the subsequent period 'v 5 MHz/hour.
This value has been observed over long runs o f several hundred hours to  be 
an upper l im i t  fo r  d r i f t .  The compact lase r d r i f ts  ^  25 MHz or one h a lf  
lin e  s ignature segment in  the f i r s t  hour, whereas the longer ca v ity  d r i f t s  
'v 6 MHz which is  again about one h a lf  lin e  signature segment. A s im ila r  
resonator length change aL is  required in  both cases; where = 35 cm 
and -  110 cm
aL, = At = = - 0.3 ym . . .(4 .3 )
fo  fo
where f^  is  the laser frequency and Af^ and Af^ are the d r i f t  ranges fo r  the 
two c a v it ie s . The sign o f th is  i n i t i a l  frequency change was found e m p ir ic a lly  
to  be a decrease, the re fo re , the ca v ity  is  shortened by ~ 0.3 ym in  the f i r s t  
hour. Assuming th a t only the output coupler surface was expanding from the 
mounting plane ( in  these p a rt ic u la r  lasers the to ta l re f le c to r  is  mounted 
w ith  the re fle c tin g  surface in  the zero expansion plane) ~ 3° K temperature
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increase o f these components would be s u ff ic ie n t to cause a length shortening
0.3 ym. C alcu lation o f the temperature r is e  o f the components other than 
the coupler (e .g . laser tube) due to the laser beam heating is  n o n - tr iv ia l 
because o f the combination o f several conduction losses, but a simple 
ca lcu la tion  o f lin e a r conduction shows th a t beam heating o f the output 
coupler is  a s u ff ic ie n t mechanism fo r  th is  i n i t i a l  'warm up' d r i f t  
( th e rm a liza tio n ).
The short term d r i f t  (1 ys to  1 ms period) was investiga ted  by the 
heterodyne technique and Figure 4.24(a) shov/s the d iffe rence  frequency s ignal 
o f the two compact COg lasers. This timescale is  equal o r sho rte r than the 
d if fu s io n  time o f p a rtic le s  to the tube w alls and the c o ll is io n a l re laxa tion  
time o f the upper laser leve l and th is  d e fin it io n  o f sho rt term is  used in  
th is  work. Over 20 measurements w ith  observation times in  the range 500 ys 
to  1 ms showed a mean peak frequency excursion o f 10.5 ± 1.8 kHz/ms.
A useful (and simple) d e fin it io n  o f laser s ta b ility ^ ^ ^ *^ ^ ^  is  ju s t  the 
inverse o f the fra c tio n a l frequency d r i f t  w ith  a fixe d  time period
S f( t )  = fi_ /A fL (t) ........................................................... (4 .4)
where is  the averaged laser frequency over time t  and Af|^ is  a measure 
o f the frequency flu c tu a tio n  over the observation period t .  The wavelength 
s ta b i l i t y  is  equivalent due to the fundamental re la tio n sh ip
A / A X  = -  f / A f  ...........................................................   (4 .5)
but o p e ra tiona lly  frequency s ta b i l i t y  was measured by e le c tro n ic  heterodyne 
techniques and is  used here exc lus ive ly . According to  th is  d e f in it io n  the 
short term s ta b i l i t y  o f these o s c illa to rs  Sj^  is  found to  be
S|_(0.5 ms) s 2.7 (± 0.5) x 10® ............................... (4 .6 )
The major assumption (discussed in  3.42) is  the independence o f the 
o s c il la to rs ;  the use o f d iffu se  re fle c to rs  has made o p tica l coupling problems 
in s ig n if ic a n t,  however, some sympathetic d r i f t s  may s t i l l  occur due to the
(a) I 100 ys I
Fig. 4.24 The d iffe rence frequency A f  o f two compact lasers as displayed on 
a storage oscilloscope and detected by a Plessey LBC LTT photovo lta ic  
de tecto r. In photograph (a) the d iffe rence  frequency changes from 16 kHz 
(LHS) to  25 kHz (RHS) over th is  period. Trace (b) shows th a t fo r  times 
~ 5 ys the d iffe rence  frequency change is  << 1 MHz. Trace (c) shows A f  one 
laser s ta b iliz e d  where f ^ ^  = 720 Hz and the modulation phase varies from 
tt/4 to  3n/4.
(b) 20 vs I
(c) I 100 us I
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128shared environment. The fa c t th a t two o s c illa to rs  are being compared 
suggests a reducing fa c to r 2) in  the s ta b i l i t y  ca lcu la tio n ; th is  has 
not been used in  th is  work and the in e q u a lity  w i l l  be used to  denote 
th a t the d r i f t  o f each o s c il la to r  is  probably less than the fig u re  quoted 
or the s ta b i l i t y  greater (%).
Figure 4.24(b) shows a sho rte r time d iffe rence frequency signal from 
a s im ila r  experiment. The conclusion o f such an experiment is  not 
p a r t ic u la r ly  useful because several cycles o f beat are needed fo r  
measurement which requires the beat frequency 5 MHz and from th is  
photograph S (20 ys) »  10^. A microwave or fa s t sw itching frequency
counter is  required to  make accurate measurements o f th is  parameter.
The medium term s ta b i l i t y ,  5 s to  1 minute, was investiga ted  by the 
heterodyne technique by studying the d r i f t  o f two uns tab ilized  lasers over 
th is  period (a fte r  thermal iz a t i  on ) . Figure 4.25 shov/s mode j i t t e r  w idth
1.3 ± 0.17 MHz ( fo r  20 measurements) over 5 seconds, d r i f t s  o f ^ 1 MHz in  
30 and 60 seconds. Both lasers were operating < 10  MHz from lin e  centre.
The two major in s ta b i l i t y  influences noticed were draught e ffe c ts  
( in te n tio n a l draught caused a 5 kHz in  1 ms excursion) and power supply
134induced frequency j i t t e r .  This e f fe c t is  an important source o f in s ta b i l i t y  
(see Figure 4.22) which w i l l  be trea ted  fu r th e r in  th is  chapter. By 
m inim izing the PSU A i/ i  and c a re fu lly  draught sh ie ld ing  peak excursions widths o f 
5.1 ± 2.0 kHz corresponding to  S (1 ms) ^ 5.5 (± 2) x 10^ were measured;
the residual value o f frequency changes was la rg e ly  due to  the power supply 
r ip p le  induced frequency j i t t e r  which can be reduced by improved PSU f i l t e r in g .
By applying a small d ith e r  (2 V) to  one laser and s ta b il iz in g  i t  a t 
lin e  centre and heterodying th is  lase r w ith  another freerunning o s c il la to r .
(a t lin e  centre) a storage osc illograph  shown in  Figure 4.24(c) was 
observed where the d ithered o s c i l la to r  is  frequency swept from the re la t iv e  
frequency values o f 0 to ~ 300 kHz in  0.3 ms and fo r  the modulation frequency 
o f 720 Hz (approximately sine wave) th is  represents ~ 1/4 cycle tt/2 )
passing through a maximum frequency excursion po in t (from s in  ^ = ir/4  to
Fig. 4.25 (a) Laser heterodyne signals received w ith the Plessey LTT detector.
The centre g ra ticu le  displays a 5 MHz d iffe rence  frequency, the horizon ta l 
scale is  1 MHz/division w ith  300 kHz re so lu tio n . For a 5 s exposure the mode 
j i t t e r  width was 1.3 ± 0.17 MHz.
Cb) As (a) a fte r  30 seconds.
(c) As (a) a f te r  60 seconds.
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3ïï/4). The to ta l modulation induced frequency deviation is  2/2 x 300 kHz 
= 850 kHz peak to  peak or 300 kHz rms.
This fa c to r  (modulation devia tion) is  an important parameter in  the 
feedback loop gain; i t  is  the PZT reference modulation which determines the 
amplitude o f the e rro r signal fo r  a given laser optogalvanic tra n s fe r 
function  (dependent on gain p ro f i le  slope, laser to ta l gain, m ixture o f  
gases, e tc . ) .  I t  was found (see 3.13) th a t the PZT tubes were p o la r ity  
independent and lin e a r over a wide extension range and th a t stacks were 
lin e a r to  a good degree although the p o la r ity  equivalence (+ o r - d rive  
e ith e r  extension or con trac tion ) is  not so well understood. Figure 4.26 
shows the d iffe rence  spectrum fo r  the two compact lasers ( f i t t e d  w ith  
Lansing stack PZT's) where one was modulated w ith 3 V and 16 V peak to  
peak compared w ith  no applied modulation. The f u l l  w idth Af o f  the 
heterodyne spectrum gave the peak to  peak frequency devia tion  used to  
ca lib ra te  the PZT's over a wide frequency range. A spectrum analyzer 
e f fe c t iv e ly  scans a tuned receiver a t a known rate fo r  a chosen time and 
reception bandwidth ( i . f . ) .  When a s ing le  slow lin e a r scan records an ac 
d ithered  d iffe rence  frequency (~ 10 MHz) (see 4.26(c)) many coincidences o f 
signal frequency and reception frequency occur. In th is  case the i . f .  
frequency was 100 kHz and because the ac d ith e r is  s u f f ic ie n t ly  fa s t the 
spectrum analyzer 'sees' a number o f signals separated in  frequency space. 
The number o f channels w ith  non zero (above noise) voltage values represents 
the number o f coincidences. The channels are d iscre te  because the Marconi 
TF2370 is  a d ig ita l device (from the d isp lay po in t o f view). The number 
o f non zero channels found in  one sweep (time fixe d  t^ )  is  equal in  4.26(b) 
and (c) but is  not countable in  (b) due to  the 100 kHz reso lu tion  set by 
the i . f .  But the coincidences are resolved in  4.26(c) where n = 28 during 
3/10 o f the scan time equiva lent to  94 in  t^  seconds. This count is  simply 
re la ted  to  the laser modulation frequency f^^^  by the fo llo w ing  re la tio n
fmod = ^  = 500 Hz  ........................................... (4 .7)
( a )
Fig. 4.26 The e ffe c t o f PZT modulation on the spectral output o f a compact 
COg lase r. The heterodyne signal o f two s im ila r  lasers is shown and the zero 
frequency marker is  v is ib le  a t the le f t .  Frequency (h o rizo n ta l) scale is  
2 MHz/major d iv is io n . The v e r tic a l scale is  lin e a r and re la t iv e . The spectrum 
analyzer (Marconi TF2370) scan time is 50 ms, and a Plessey LBC detector was 
used w ith  a d iffu se  re fle c to r . Photograph (a) shows the heterodyne signal 
w ith  n e ith e r laser modulated and photograph (b) shows the signal w ith  one 
lase r modulated by ^ 3 V a t 520 Hz. Photograph (c) (overlea f) shows the 
spectrum where one laser is  modulated a t ^ 16 V a t 520 Hz.
(b)
-T -  -t, ,  . I ■'
Fig. 4.26 (c)
UJ
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MODULATION VOLTAGE (V)
Fig. 4.27 The peak d iffe rence  frequency o f two compact lasers shown as a 
function  o f modulation voltage. Above 4 V, the modulation broadened regime 
occurs where the induced frequency modulation was greater than the 1 s d r i f t .  
For 1 s ( • )  observation time servosystem in te g ra tio n  time constant) the 
minimum frequency d iffe rence  o f 400 kHz was overcome by modulation a t ~ 2 V. 
For a 30 s observation time (A) the s ta b iliz a tio n  gave an improvement over 
passive performance w ith  a modulation o f 1.5 - 2.5 V. For a 3 min. observation 
time {■) a frequency d iffe rence  1 MHz was found when the optimum modulation 
was applied. Both lasers were s ta b iliz e d  by OGE to  10P(20) l in e  centre.
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fo r  the scan time t^ = 0.1 s. The actual modulation frequency was 520 Hz.
Both lasers were s ta b iliz e d , i n i t i a l l y  w ith a large PZT modulation 
vo ltage, to  10P(20) lin e  centre and the ^  gain optimized to saturate the 
PSD in p u t (no tuned p re am p lifie r) and the dc gain optimized fo r  a ‘ t ig h t*  
lock w ithou t 'hunting* in s ta b i l i t y .  The in te g ra to r time constant was se t 
to  1 s and the PZT modulation successively reduced fo r  both lasers 
(independently) and the re s u lt in g  maximum frequency d iffe rence  ( A f )  changes 
measured. Figure 4.27 shows the experimental resu lts  fo r  three observation 
times (averaged on the spectrum analyzer). For modulation above 4 V peak 
to peak the. A f  value increases l in e a r ly  w ith  voltage, re f le c tin g  the 
l in e a r ity  o f the PZT stacks. This modulation broadened regime occurs when 
s u f f ic ie n t  e rro r signal is  detected fo r  the servo to  lock. The coincidence 
o f the longer observation times (30 s, 3 minutes) w ith 1 second time is  due 
to the s ta b il iz in g  e ffe c t o f the servomechanism; i .e .  above 4 V modulation 
the 1 second s ta b i l i t y  is  preserved up to 3 minutes (w ith  no degradation). 
This correspondence was seen over many hours. The lock may be lo s t when the 
ca v ity  has d r if te d  so fa r  th a t the high voltage a m p lif ie r  has reached a 
l im i t  (0 V or 1 kV). The divergence fo r  longer observation times shows 
th a t below 2.5 V modulation, servo in s ta b i l i t y  and ord inary d r i f t  occur 
and th is  gives frequency j i t t e r  up to  ~ 1 MHz in  3 minutes. The zero v o lt  
modulation case shows the u ns tab ilized  passive performance discussed 
prev ious ly  and from these measurements the minimum required modulation is  
1.5 V. Because the in te g ra to r has a 1 s time constant no improvement o f 
s ta b i l i t y  fo r  1 s observation can be expected by active  s ta b il iz a t io n ,  but 
over 3 minutes by choosing 'X' 3 V modulation an improvement from 2 MHz d r i f t  
to  1 MHz (o f known FM) modulation w idth occurs. The actual d r i f t  o f th is  
broadened spectrum was found to  be much less than the envelope w idth fo r  
2 V modulation and approximately equal fo r  0.5 to 1 V. For a p p lica tio n  
o f these lasers i t  must be remembered th a t the modulation broadening does 
indeed degrade the spectra l w idth o f the lase r output but th a t th is  FM 
component is  determined and p red ic tab le  and can sometimes be removed or
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ignored.
Figure 4.28 demonstrates ty p ic a l long term s ta b i l i t y  o f the OGE
s ta b iliz e d  lase r. A fte r h a lf  an hour o f therm aliza tion the servo was locked
fo r  both lasers a t 10P(20) l in e  centre and photograph (a) taken o f the
heterodyne spectrum; a fte r  1 hour photograph (b) was taken and the maximum
d iffe rence  frequency changed by ^ 200 kHz corresponding to  a long term
s ta b i l i t y  S (1 hour) ^ 1.6 (± 0.5) x 10^. The modulation broadened spectrum
was ^  1.7 MHz f u l l  w id th .
The frequency re s e t ta b il i ty  is  an important parameter fo r  stab le
sources; i t  is  c lose ly  re la ted  to  frequency s ta b i l i t y .  The frequency
1TTre s e t ta b il i ty  is  defined as a q u a lity  fa c to r describ ing the 
p rec is ion  o f reset a f te r  pertu rba tion
Rf = ^0     (4 .8 )
where f^  is  the desired set frequency and Af^ is  the standard devia tion  o f
n t r ia ls  o f reset to  f^ .  Accordingly, in  th is  system e ith e r  one o r both
lasers can be in te rru p te d  and i f  the in i t i a l  d iffe rence frequency (o f the 
two lasers) f^  = 0 then the mean d iffe rence frequency w i l l  re turn  fo r  
n t r ia ls  to  f^ ,  f ^ ,  . . . ,  f^  a fte r  n reset t r ia ls .  Because o f the modulation 
broadening o f the d iffe rence  frequency (h a lf w idth f^ ^ ^ ) ,  the variance 
frequency e rro r (A f^) is
Afn = A(Vf-fmod)' ......................... (4-9)
S=1
§
(and the standard devia tion  is  the square root) o f the variance is  the 
frequency (s t a t is t ic a l ly ) o f the frequency d iffe rence fg  observations and 
f  is  the mean d iffe rence  (o r fixe d  o ffs e t) .  The re s e t ta b il i ty  is  given by
12 MHz I à
(a) A fte r hours warm up s ta b il iz e r  switched on.
Fig. 4.28 Heterodyne signal from the two OGE s ta b iliz e d  (10P(20) lin e  centre) 
compact COg lasers. The centre lin e  shows zero frequency. The modulation was 
3 V a t frequencies o f 520 Hz and 720 Hz. The heterodyne signal was detected 
w ith  the LBC LTT detector and Marconi TF 2370 spectrum analyzer. The v e r tic a l 
scale is  lin e a r 1 V from detector a m p lif ie r and the time fo r  the s ing le  
frequency scan was 0.1 s. The frequency reso lu tion  was 50 kHz.
I
I 2 M H t I
(b) One hour a f te r  (a ).
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Ss(fs-f-fmod)^
S=1
fo .........................................(4.10)
In p ra c tice , the reso lu tion  o f spectrum analyzer is  sometimes a l im it in g  
fa c to r in  the ca lcu la tion  o f re s e t ta b il i ty .
One re s e t ta b il i ty  t r ia l  o f the locked lasers is  demonstrated in  
Figure 4.29 where the system performance l im i t  was achieved and the lasers 
10P(20) l in e  centre s ta b iliz e d  w ith  400 kHz modulation. In the upper 
spectrum the frequency d iffe rence  spectrum was constrained to  400 kHz 
during 1 s averaged spectrum analysis. The feedback loop was subsequently 
broken fo r  both lasers. Over the succeeding 5 minutes the d iffe rence  
frequency spectrum d r if te d  to  mean value ~ 4 MHz and when the feedback 
loop was closed the lasers were driven back to  l in e  centre (by the 
servomechanism) and the d iffe rence  frequency spectrum returned to  near zero 
as shown in  the lower photograph. The d iffe rence  spectra d i f fe r  by < 100 kHz 
and th is  is  a simple measure o f the re s e t ta b il i ty  o f the s ta b iliz e d  lasers.
A fte r care fu l op tim ization (w ith  draught shields f i t t e d  and a fte r  
the rm a liza tion ) re s e t ta b il i t ie s  were measured fo r  the compact lasers fo r  
d if fe r in g  values o f dc gain (Figure 4.210). Most values o f gain are 
consisten t w ith  a good re s e t ta b il i ty  but very low gain (loose lock) re su lts  
in  slow hunting and high gain in  o s c il la t io n  which is  re fle c te d  in  an 
im precision o f locked frequency during rese t. A ll values must be trea ted  
fo r  two systems as previously.
Analyses o f long term output power flu c tu a tio n s  show between 0.2 and 
1% maximum devia tion  o f which the la rg e s t component is  pe riod ic  (~ 40 min) 
and has been id e n tif ie d  as the therm pcircu la to r thermostat cycle. As the 
discharge w all temperature cycles through ± 1.5 K the laser gain was 
modulated, re su ltin g  in  output power flu c tu a tio n s  which do not give f i r s t  
order frequency changes (hence the feedback loop cannot compensate fo r
(1) HETFRODYÆ FREQUENCY 
sPEcmnnPTwn 
STABILIZED LASERS 
(OPTOGALVANIC TECHNIQUE) 
WITH 1 SECOND INTEGRATION
T ir t  P(20) L if t  CENmE 
STABILIZED
HETERODYNE FREQUENCY E— +— jLMHz 0
(2) HETEROim FREQUENCY 
SPECTRUM
BOTH LASERS RESET TO 
L if t  CENTRE AFTER 5 
MINUTES FRE-RUWING
PLESSEY LBC LTT DETECTOR AND 
MARCONI TF 2370
Fig. 4.29 A re se ta b iT ity  te s t o f the compact COg lasers,
Gain (dB)
. Rf
10 3 .5  X 10^
20 5 .5  X 10^
30 1.8 X IP®
40 1.9 X 10®
50 3 .5  X 10®
60 1.9 X ic ’
70 3.1 X 10®
Fig. 4.210 Table showing re s e ta b il ity  (R^) o f the compact COp s ta b iliz e d  
lasers as a function  o f dc a m p lif ie r  gain when operating 10P(20) lin e  centre 
a t an output power ~ 7 W.
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them). Figure 4.211 shows the comparative output s ta b i l i t y  (A) (passive 
and ac tive ) fo r  a medium gain lase r lin e  10P(14) and (B) the long term 
s ta b i l i t y  (10 hours) o f 10P(20) w ith  a compact laser s ta b iliz e d  by OGE.
The p e rio d ic  coolant cycle can be c le a r ly  seen and could be removed by 
using tap water cooling. Tap water cooling unfortunate ly introduces 
discontinuous power changes during long operation as the temperature 
changes a t s p e c if ic  times during the working day (possib ly due to centra l 
heating cyc les). Figure 4.212 shows two weeks o f operation and the 
discontinuous changes (not seen w ith  therm ocircu lator) are c le a r ly  shown.
The system performance lim ita t io n s  can be summarized as fo llow s
1. Power supply cu rren t r ip p le  and the re su ltin g  
frequency (and amplitude) j i t t e r  is  the major 
s ta b iliz a t io n  channel no ise .
2. Wall cooling presents a problem (amplitude 
flu c tu a tio n s ) and u lt im a te ly  coolant bubbling 
can produce broadening o f the output spectrum.
3. The broad nature o f the frequency d iscrim inant 
feature (pressure broadened) o f the COg lin e  
determines the e rro r  signal .
4. The in te n tio n a l modulation broadening o f laser 
output can reduce absolute s t a b i l i t y .
The p o s s ib i l i ty  o f using a sharper OGE d iscrim inant feature (standing wave 
sa tu ra tion  resonance)^^ was investiga ted  and w i l l  be described in  Chapter 9; 
the avoidance o f modulation broadening requires the frequency modulation o f 
the reference ra the r than the lase r o s c illa to r^ ^ . The use o f a s ta rk
1 qcs h ifte d  gas absorption to  modulate a small fra c tio n  o f the laser has 
been used but only o p tica l detection has been u t i l iz e d  so fa r  to  generate 
the e rro r s ign a l. I t  may be possib le to  use an external ( to  the laser) 
low pressure OGE c e ll w ith  a sharper d iscrim inant as described in  8.1 as 
long as discharge noise problems are overcome.
P(14)
0.1W
30 MINS.
ACTIVE
I STABILIZATION  
OFF ON
P(20)
0.1W
*'"* ii)<* *Si^'
2 HOURS
Fig. 4.211 (A) Comparison o f 10P(14) OGE s ta b iliz e d  output power (compact
lase r) w ith  freerunning passive s ta b i l i t y  w ith  a mean power o f 6.6 W.
(B) Long term power s ta b i l i t y  o f 10P(20) w ith  laser OGE s ta b iliz e d  fo r  ten 
hours continuous operation a t a mean power o f 7.7 W.
J o .
ond
1 DAY TAP WATER COOLING 8C
Fig. 4.212 Output power o f a compact laser w ith  slow flow ing tap water cooling 
(u n s ta b ilize d ) over a period o f 2 weeks, showing discontinuous power changes 
once o r tv/ice a day.
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A modulation broadened l im i t  ~ 400 kHz to 1 MHz has been set so fa r  
by the above re s tr ic t io n s  o f the broad d iscrim inant and consequent modulation. 
The power supply and cooling noise are systematic and th e ir  in ve s tig a tio n  
by monitoring o f the heterodyne signal in  real time provided simple 
in ve s tig a tio n  o f these phenomena.
The laser mode j i t t e r  on the 10 ms to  1 s ( tra n s it io n a l)  time scale 
is  con tro lle d  mostly by environment (acoustic , v ib ra t io n a l, therm al, draughts, 
e le c t r ic  and magnetic f ie ld s ) ,  power supply r ip p le , coolant bubbling and 
therm ocircu la to r pump v ib ra tio n . The environmental fa c to r  is  minimized by 
the construction and s itu a tio n  o f the laser head. However, in  these 
experiments the power supply and coolant contributed no ticeab ly to  the la se r 
mode frequency j i t t e r .
Figure 4.213 shows the d iffe rence  frequency spectrum o f two lasers 
(u n s ta b ilize d ) taken w ith  a 2 second exposure. A 420 kHz f u l l  w idth was 
measured w ith  a therm ocircu la to r (manufactured by C hu rch ill) compared to  
'V 120 kHz when cooled w ith  slow flow ing tap water. This residual ^  120 kHz 
mode j i t t e r  width is  due la rg e ly  to  the Edinburgh Instruments 183 power 
supplies used which have a peak to peak current r ip p le  o f 50 yA (0.1% rms 
Figure 3.212).
E xc ita tion  changes caused varying heating o f the lase r gas which perturbs
the pressure and re fra c tiv e  index (and e lectron dens ity ). This e ffe c t  was
measured (Figure 4.214) by tuning the lase r frequency by ad jus ting  curren t
and measuring the heterodyne frequency d iffe rence (compared to  a s ta b iliz e d
la s e r). The current (and pressure) dependent mode frequency s h if ts  were
investiga ted  c a re fu lly  and found not to  be dependent on mode frequency w ith in
the gain p ro f i le ,  as shown prev ious ly  by Mocker. The actual value o f
cu rren t and pressure tuning varied between 500 kHz/mA and 3 MHz/mA and between
1372 MHz and 8 MHz/torr depending on composition and gas pressure. For the 
compact lasers w ith  a ty p ic a l 26 to r r  f i l l i n g ,  a current tuning fa c to r  
9 f/3 i o f 2.8 MHz/mA was measured a t 10 mA which re su lts  in  a r ip p le  induced 
frequency j i t t e r  Af
I 400 kHz I
Fig. 4.213 (a) D ifference frequency spectrum (uns tab ilized  10P(20) tra n s it io n )
w ith  one laser o ffs e t 10 MHz. The horizonta l scale is  200 kH z/d iv is ion  and 
10 kHz reso lu tion  and 2 s exposure. Laser (1) was cooled w ith  a the rm ocircu la to r 
(C h u rch ill)  and excited w ith  an El 183 power supply. Laser (2) was cooled w ith  
a the rm ocircu la to r (E.M. scope) and excited by an Irv in  C1096.
&
I 200  kHz I
(b) as (a) but tap water cooled, slow flow ing. Horizontal scale is  
100 kH z/d iv is ion w ith  30 kHz reso lu tion .
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Fig. 4.214 The curren t dependence o f laser mode frequency (normalized to  
1 = 0) fo r  (A) the compact COg lase r 1 Xe, 3 CO ,^ 4 12 He ( to r r )  and
(B) the sm aller sequence band la se r, 50 cm a m p lif ie r  and 1.1 m resonator 
length 1.5 Xe, 1 COg, 3 Ng, 10 He ( to r r ) .  Typical standard devia tion  o f 
s h if ts  is  0.3 MHz.
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Af = I l  Ai = 140 kHz ............................................  (4.11)
which could account fo r  the m a jo rity  o f the residual broadening. E xc ita tion  
w ith  the Irv in  C1096 power supply in  cv and the modified El 183 supply 
resu lted  in  a spectrum width o f 105 kHz consistent w ith  the predicted 
(from 4.11) 140 kHz w idth.
4.3 STABILIZATION WITH OFFSET LOCKING
The lasers were also s ta b iliz e d  o f f  l in e  centre by adding a determined 
q u a n tity  o f reference signal (ac) in to  the PSD input. This generated a 
fix e d  dc output which required an e rro r signal o f the same value but 
opposite sign to a tta in  n u ll p o in t which the servo seeks. .
In general, o ffs e t locking produces poorer s ta b i l i t y  because although 
a w e ll defined o ffs e t signal can be presented to  the PSD, any change in  
lase r parameters w i l l  vary the OGE d iscrim inan t feature and the e rro r 
signal voltage fo r  a given frequency w i l l  change. As a re s u lt ,  a new 
frequency w i l l  be found where these voltages (e rro r and o ffs e t)  sum to  zero. 
The beat frequency spectrum o f two compact lasers was observed when one was 
s ta b iliz e d  a t 10P(20) lin e  centre (conventionally) and the o ther was o ffs e t 
by - 18 MHz from lin e  centre by adding ~ 5 mV ac reference in to  the in p u t.
The d r i f t  over 1 hour was $ 100 kHz which corresponds to  a long term 
s ta b i l i t y  S (1 hour) ^ 2.8 x 10^.
A - 21 MHz o ffs e t was introduced by the o ffs e t contro l to  one la se r
and i t  was s ta b iliz e d  w ith  reduced gain fo r  two hours; Figure 4.31 shows
the d iffe rence  spectrum a t t  = 0, 30 minutes, 60 minutes and 120 minutes
re spective ly . With the modulation se t to  introduce 3.5 MHz f u l l  w idth servo 
hunting o f ~ 350 kHz was observed and the o ffs e t la se r d r if te d  ^ 0.5 MHz
7over two hours corresponding to  S (2 hours) 5  6  x 10 . The servo hunting 
could not be completely removed. S ta b iliz a tio n  a t the extreme edge o f the 
signature segment (25 to  30 MHz o ffs e t)  resulted in  poor s ta b i l i t y  locks, 
servo hunting (~ 0.1 to  10 Hz dependent on gain) and u lt im a te ly  lin e  changing,
2 MHz
Fig . 4.31 (a) O ffset laser d iffe rence  frequency spectrum. One laser
s ta b iliz e d  a t - 21 MHz w ith  respect to  10P(20) lin e  centre, w ith  modulation 
4.0 V a t 220 Hz. Horizontal scale is  1 M Hz/division, 300 kHz reso lu tion  
freerun tr ig g e r  0.1 s.
I 2MHz I
(b) As (a) a fte r  30 minutes.
I 2 MH? I
Fig . 4.31 cont. (c) As (a) a f te r  60 minutes.
I 2 MHz I
(d) As (a) a fte r  120 minutes.
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4.4 SEQUENCE COp LASER STABILIZATION
The 9 to n  ]iïï\ (00°2 ^0 °1 , 02°lJ j  tra n s itio n s  e x h ib it a sm aller
optogalvanic e ffe c t and the measurements o f these e ffe c ts  is  given in  d e ta il 
in  5 .1 . Although the sequence COg lase r is  both lower power and less 
e f f ic ie n t  i t  is  o f in te re s t fo r  op tica l pumping, spectroscopy, atmospheric 
transmission inc lud ing  p o llu tio n  m onitoring and v ib ra tio n a l temperature 
measurement.
The sm aller (50 cm a m p lif ie r , 110 cm to ta l length) s tab le  sequence band 
lase r was OGE s ta b iliz e d  on several d if fe re n t 00°2 ro ta tio n a l tra n s itio n s  
by signature se lection  and the amplitude and frequency s ta b i l i t y  was found 
to  be very s im ila r  to  th a t achieved w ith  the fundamental tra n s it io n  OGE 
s ta b iliz a t io n  o f the compact lasers. Sequence band lasers are no ticeab ly 
less stab le  than fundamental band COg lasers due to thermal problems 
re su ltin g  from the in tra c a v ity  hot (400 C) COg absorber used to  suppress 
the ord inary tra n s it io n s . Figure 4.41 shows the sequence lase r output power 
uns tab ilized  compared w ith  the lase r OGE s ta b ilize d  (as in  4.2) on P17, P21 
and P23 lin e s . The d if fe re n t power leve ls  show the range o f  gains o f 
d if fe re n t lin e s ; the improvement is  from ~ 10% to  ~ 0.5%. By observation 
o f the PSD, output e rro r s ignals equiva lent to  greater than 300 kHz (10 mV), 
were never observed and the in fe rre d  frequency s ta b i l i t y  was S (1 hour) 
s 3 X 10^.
U nfortunately, no heterodyne experiments were possible because two 
sequence lasers were never ava ilab le  simultaneously but a l l  experimental 
ind ica tion s  show a comparable r e s e t ta b il i ty ,  response time and s ta b i l i t y  
performance equal to the conventional OGE s ta b iliz a tio n  o f fundamental 
tra n s it io n s . The tuning range o f the longer ca v itie s  was less and o ffs e t 
locking was re s tr ic te d  to  8 MHz.
4.5 HIGH POWER LASER STABILIZATION
The high power (^ 43 W) sealed COg laser described in  3.13 was used,
IHour 
<  ►
UNSTABILISED
STABILISED
P23 P21
P17
10pm00°2 SEQUENCE TRANSITIONS Power-1W
Fig . 4.41 Output power s ta b i l i t y  o f sequence band laser w ith  and w ithout 
OGE s ta b il iz a t io n . The mean power leve l was 1 W* and a l l  tra n s itio n s  were 
in  the 10 ym band.
P 40
A C T I V E  D I S C H A R G E  L E N G T H  Ccm^
Fig: 4.51 Output power (w ith  optim ized output coupler) generated by a sealed 
laser w ith  in te rn a l diameter 8 -  10 mm fo r  26 to r r  f i l l i n g  o f 1 Xe, 3 COg,
4 Ng; 18 He when s ing le  mode is  optim ized a t 10P(20) lin e  centre. The output 
couplers used were (90% fo r  35 cm, 80% fo r  50 cm and 60 or 70% fo r  80 and 85 cm)
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w ith  the two sequence lasers to measure the s u ita b i l i t y  o f OGE s ta b iliz a t io n  
fo r  more powerful lasers. Because the lase r g a in /u n it length is  constant fo r
a given medium the a m p lifie r tube (and resonator) must be longer fo r  h igher
output powers. Figure 4.51 shows the output power extracted from the lasers 
used in  th is  experiment as a function  o f length. These lasers show the 
h ighest powers per u n it length to  date o f any published data on sealed low 
pressure lasers. An em pirical expression o f output power P
P ~ 22L + 12L^ (W)    (4.12)
139where L is  the a m p lif ie r length has been evaluated by Browne & Smith in  
1974, o f the most e ffe c tiv e  sealed COg lasers constructed a t S t. Andrews 
U n ive rs ity  and previously reported in  the l ite ra tu re .  Some improvement 
(up to  20%) has been achieved here and th is  was probably due to
1. B e tter o p tica l optim ization -  p a r t ic u la r ly  
output coupler r e f le c t iv i t y
2. High re fle c tio n  co e ffic ie n ts  o f to ta l 
re fle c to rs
3. Careful choice o f tube diameter
4. Careful optim ization o f gas composition.
A new em pirica l ru le  from the maximum s ing le  mode output power P can be* 
suggested from these experiments
P 'v 57.3 (L-0.11)    (4.13)
where P is  in  watts and length is  in  meters. This equation e xh ib its  the 
fa m ilia r  laser threshold condition where 11 cm is  the minimum gain length 
required to  overcome the cav ity  losses. No report could be found o f lasers 
o f th is  type o s c il la t in g  w ith  gain lengths sho rte r than th is  f ig u re . The 
absolute length l im i t  1.2 to  1.5 m fo r  signature se lection  was not exceeded 
by any o f these o s c illa to rs  and they are s t r i c t l y  comparable in  construc tion ; 
the high power lase r was ca re fu lly  designed and constructed fo r  an improved . 
passive s ta b i l i t y .  The smaller sequence band laser (50 cm a m p lifie r)  was
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improved by more stab le  o p tica l mounting, new discharge tube and b e tte r draught 
sh ie ld in g , in  order to  be used as a stab le  partner fo r  heterodyne experiments.
The short term passive s ta b i l i t y  was S (1 ms) $ 6.1(± 0.6) x 10^ and 
the tra n s it io n a l passive s ta b i l i t ie s  were S (1.5 s) ^ 2.5 ± 0.4 x 10^,
S (5.0 s) i  2.9(± 0.8) X 10®, S (12 s) s 1.6(+ 0.6) x 10® and 
S (60 s) a 9.1(± 0.8) x 10^. Heterodyne output from the HP 8557A spectrum 
analyzer is  shown in Figure 4.52 fo r  5 s and 12 s.
The long term (hours) passive frequency s ta b i l i t y  o f the high power was
measured by the heterodyne method and the reference lase r was s ta b iliz e d
a t lin e  centre. During the measurement the modulation was switched o f f  and 
the loop broken; the PSD output e rro r  was observed during the measurements.
This technique is  necessary to  remove the modulation broadening o f the 
d iffe rence  spectrum and reference s h if ts  o f < 500 kHz assured. When the 
loop is  closed again any measurable correction  can be seen both in  the 
d iffe rence  spectrum and the PSD output. M u ltip le  t r ia ls  o f th is  technique 
resu lted in  a reference s h i f t  compared to  a th ird  lase r (compact s ta b iliz e d ) 
o f ^ 200 kHz,
Figure 4.53 shows the d iffe rence  spectrum obtained as above; the 
reference laser was s ta b iliz e d  to  10P(22) lin e  centre and the high power
lase r se t at. + 6 MHz w ith  respect to  lin e  centre. The o ffs e t lin e  centre
d r i f t  rate was ^ 2.3 MHz/hour. For s ix  t r ia ls  S (1 hour) 5 1.4 (± 0.3) x 10^. 
This improvement o f s ta b i l i t y  over sho rte r systems is  due, o f course, p a r t ly  
to  development, improved design and carefu l construction but there is  an 
improvement in passive s ta b i l i t y  ju s t  due to  length as prev ious ly  described.
Figure 4.54 shows the em pirica l values o f s ta b i l i t y  fo r  the la se r ca v ity  
lengths ( in  a l l  cases construction is  comparable but not id e n t ic a l) .  Some 
intermediate lengths were obtained by removing the hot c e ll from the sequence 
lasers and s itu a tin g  the output coupler nearer to  the discharge tubes. The 
improvement o f passive s ta b i l i t y  is  considerable and c le a r ly  demonstrates . 
why laser manufacturers supply longer lasers when s ta b i l i t y  performance is  
a customer requirement. This order o f s ta b i l i t y  can be simply achieved by
I 200 kHz I
(a) 5 s averaged d iffe rence  spectrum
Fig. 4.52 D ifference frequency spectrum o f high power laser (output power 
'v 35 W) and modified sequence laser (output power ~ 15 W). Tap water cooling 
was used. The HP8557A spectrum analyzer and LBC 600 LTT detector were used 
to  detect both beams scattered o f f  a d iffu se  re f le c to r . Resolution was 
30 kHz and both lasers were freerunning. The centre lin e  represents 3 MHz 
d iffe rence  frequency.
200 kHz
(b) 12 s averaged d iffe rence  spectrum
Fig. 4.53 (a) Beat spectrum o f reference laser (unmodulated) and high power
lase r (power ~ 40 W). Centre lin e  is  + 6 MHz w ith respect to  10P(22) lin e  
centre. The horizon ta l scale is  1 MHz/division and the reso lu tion  is  300 kHz,
(b) As (a) a f te r  15 minutes freerun.
(c) As (a) a fte r  30 minutes freerun.
Fig . 4.53 continued (d) As (a) a f te r  60 minutes freerun. Total s h i f t  = 2 . 3  MHz,
10  ^SECOND
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Fig . 4.54 The sealed laser passive s ta b i l i t ie s  S(1 ms), S(1 s) and S(1 hour) 
increase w ith  increasing length (experimental po in ts) and the OGE s ta b iliz e d  
(response time ~ 0.1 s) performance fo r  long periods (> 1 hour) shown as a 
dashed box.
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ac tive  s ta b iliz a t io n  (OGE o r otherwise) w ith  shorte r lasers and performance 
in ve s tig a tio n  o f a m iniature ca v ity  (minimum) ~ 10 cm may provide more 
inform ation on the thermal behaviour o f the o p tica l system.
The high power laser was s ta b iliz e d  in  a s im ila r  manner to  lasers 
previously described w ith  one im portant exception. The discharge was double 
(two f lo a tin g  anodes and one shared high voltage cathode) and excited by 
two El 183 matching power supplies. This arrangement does not allow any 
term inal to  be earthed and the p a ra lle l capacitive  coupling scheme was not 
s a tis fa c to ry  due to  o s c il la to ry  behaviour. Transformer coupling (Figure 
3.226) was used fo r  one arm o f the discharge (a Ferromag 10 kV is o la tio n  
transformer 1:1 ra t io  w ith  50 mA primary c a p a b ility  and a 20 kHz bandwidth 
was supplied by Ferromag p a rt no. FM3931)s and active  s ta b iliz a t io n  was 
simply achieved.
Due to  the improved long term passive s ta b i l i t y  more care was required 
in  the heterodyne s ta b i l i t y  measurements. The reference lase r (modified 
sequence band laser) was c a re fu lly  OGE s ta b iliz e d  to  lin e  centre and compared 
w ith  a compact lase r OGE s ta b iliz e d  5 MHz o f f  lin e  centre. This d iffe rence 
frequency was checked when measurements o f the high power lase r were not 
being made and th is  d iffe rence  spectrum was observed not to  d r i f t  more than 
100 kHz. Figure 4.55 shows a s ix  hour OGE s ta b iliz a tio n  te s t o f the high 
power laser (37 W). The long term s ta b i l i t y  o f these higher power lasers 
when OGE s ta b iliz e d  was S (1 hour) 3= 5.6 (+ 1.5) x 10^.
In summary, the optogalvanic s ta b iliz a t io n  proved to  be a most useful 
technique fo r  s ta b iliz in g  small conventional cw COg lasers, COg sequence band 
lasers and higher power COg lasers g iv ing  impressive s ta b i l i t y  improvements 
o f up to two orders o f magnitude in  the lase r in te n s ity  and more than s ix  
orders o f magnitude improvement in  frequency s ta b i l i t y  (o f signature tuned 
lasers which change lin e s ) . A d d it io n a lly , due to  the OGE technique's 
in s e n s it iv ity  to  v ib ra tio n a l and acoustic in te rfe rence (the d is tr ib u te d  
detection element is  co inc ident w ith  the lase r a m p lifie r) and since i t  
avoids the use o f an in fra re d  detector which degrades e ith e r  beam q u a lity
(a) S ta b iliz e r  switched on a fte r  1 hour warm up
Fig. 4.55 OGE s ta b ilize d  high power lase r, output power 37 W d iffe rence
spectrum when heterodyned w ith  modified reference laser s ta b iliz e d  a t 10P(20) 
l in e  centre and compared w ith  a th ird  s ta b iliz e d  lase r. The reference source 
was reproducible to b e tte r than 100 kHz. The horizonta l scale is  1 MHz/division
The reso lu tion  is  30 kHz. The d r i f t  over 6 hours ^ 150 kHz.
(b) As (a) a fte r  3 hours
(c) As (a) a f te r  6 hours
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or power (o r bo th ), OGE s ta b iliz a t io n  was found to  be a s u ita b le , cost 
e ffe c tiv e  and consisten t method o f improvement fo r  e f f ic ie n t ,  sealed COg 
lasers.
5.0 OPTOGALVANIC MEASUREMENTS IN SIMILAR VIBRATIONAL SYSTEMS
Inve s tig a tion  o f the optogalvanic e ffe c t due to  the pertu rba tion  o f 
o ther v ib ra tio n a l leve l populations in  COg laser discharges and o f s im ila r  
k in e t ic  processes in  o ther molecular systems is  important
1. For the fundamental understanding o f the 
precise k in e tics  o f lase r discharges
2. To te s t the gas temperature pertu rba tion  
theory
3. For technological reasons such as detection 
and s ta b iliz a t io n .
In these experiments the COg (00^2 -  [lO ^ l, 0 2 °lJ j j j )  sequence band lase r 
induced OGE and CO (5.3 ym) molecular la se r optogalvanic e ffe c ts  were 
measured.
The CO molecular lase r has both a h igher th e o re tica l e ff ic ie n c y  and
less dependence o f output power on ca v ity  length than the COg lase r;^^^
a d d it io n a lly , the 5 to 6 ym wavelength is  often te chno log ica lly  pre ferab le
141to  the COg 10 ym wavelength. I t  has been shown th a t genuine s ing le  lin e  
operation can be obtained under c a re fu lly  con tro lled  conditions and in 
p r in c ip le , due to the high e ff ic ie n c y  and stab le  e le c t r ic  discharge, the 
lase r should be a good candidate fo r  optogalvanic s ta b iliz a t io n .
5.1 CO, (00°2 - 10°1. 02°1 I j j ) SEQUENCE BAND LASERS
The sequence band lasers constructed fo r  these experiments are 
described in  3.1,2 and produced s ing le  mode output powers in  the range 0.5 
to  1.5 W. This lower beam power resu lted  in  the m a jo rity  o f  OGE experiments 
having to  be performed w ith in  the lase r ca v ity  (where the beam irrad iance  
is  much h ighe r). In th is  chapter the measurement o f the OGE signals is
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compared to  the 00°1 regular band s igna ls in  both frequency, amplitude 
and phase.
138 142The sequence laser has been previously adequately described ' 
and the re levant set o f energy leve ls are displayed in  Figure 5.11. Due 
to  the e sse n tia lly  harmonic s tru c tu re  o f the COg v ib ra tio n a l energy leve ls  
the 00^2 and 00^3 (upper lase r le ve l) tra n s itio n s  have very s im ila r  
energies; because o f s l ig h t  anharmonicity there are frequency s h if ts  o f 
these lase r lines  re la t iv e  to  the regu la r lase r band.
In the 00°2 sequence band la se r, stim ulated emission re su lts  in  00^2 
depletion and the lower leve l (10^1, 02^1) population relaxes v ia  V-V 
processes to  01^1 and then v ia  V-T processes to  the ground s ta te . The 
fra c tio n a l populations o f the 00°n leve ls  due to Ng and CO resonant pumping 
always re su lts  in  a lower population o f the 00°2 leve l than the 00°1 leve l 
fo r  a l l  r e a l is t ic  laser asymmetric s tre tch  mode v ib ra tio n a l temperatures 
(< 10^ K). The re su ltan t 00°2 sequence band laser gain is  always lower^^^ 
and consequently laser output powers are lower from small sealed devices.
The sequence lase r f i t t e d  w ith  a 50 cm a m p lif ie r and 1 m ca v ity  produced 
ten signature selectable 00°2 P branch 10 ym lines a t output powers 0.1 to
1.0 W and the ava ilab le  output spectrum o f 00^2 and 00°1 lase r emission 
is  compared in  Figure 5.12. The precise strength o f each lase r lin e  varies 
due to the wavelength dependent, r e f le c t iv i t y  o f the m irro rs , window 
absorption, e tc . ,  but in  general the band centre lin e s  00°1 P(18) and P(20) 
and 00^2 P(19) were strongest although the 00°2 P ( l l)  lin e  showed strong 
lase r emission. This lase r could be op toga lvan ica lly  s ta b iliz e d  on any o f 
these lin e s  and the performance o f  the ac tive  s ta b iliz a tio n  is  described in
4.4 and 5.3.
The operating ch a ra c te ris tics  o f  th is  sequence laser were investiga ted  
to  assess the s u ita b i l i t y  o f sca ling  up the system to  provide high s ing le  
mode power 25 to  50 W. Typical output powers fo r  a 00°2 high gain m ixture 
1 COg, 3 Ng, 16 He ( to r r )  is  shown in  Figure 5.13 where the discharge cu rren t 
has been varied and the output coupler r e f le c t iv i t y  maintained a t 95%. The
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Fig. 5.11 A s im p lif ie d  diagram showing some o f the COg v ib ra tio n a l energy 
le ve ls . The lase r tra n s itio n s  o f the regula r and sequence bands are shown 
by the diagonal arrows. Some re laxa tion  processes, 00°1 spontaneous 
fluorescence and V-V-T processes are shown as downwards po in ting  arrows.
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Fig. 5.12 The set o f v ib ra t io n a l- ro ta tio n a l laser tra n s itio n s  ava ilab le  by 
ca v ity  tuning from the 1 m long ca v ity , 50 cm a m p lifie r sequence band laser. 
The upper h a lf  demonstrates the tra n s itio n s  observed w ith  the Optical 
Engineering spectrum analyzer w ith  the lase r hot c e ll evacuated. The lower 
h a lf  shows the tra n s itio n s  s im ila r ly  observed w ith  the hot c e ll f i l l e d  w ith  
40 to r r  00^ a t 350 C. The p a r t ic u la r ly  strong lines and weak lin e s  are 
marked by s and w respective ly , 1.5 Xe, 0.5 CO ,^ 1.8 N^, 19 He.
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non-optim ized 00^1 laser power is  shown fo r  comparison; when th is  lase r was 
optim ized fo r  00^1 operation (1 Xe, 3 CO ,^ 4 12 He to r r )  the maximum
output power was 14 W. The 00°1 o s c il la t io n  shows the c h a ra c te r is tic  output 
power peak a t ~ 14 mA corresponding to  a current density 7 mA/cm~^. This 
approximate value was demonstrated in  Figure 3.112. The maximum 00^2 
output occurred, however, a t a lower cu rren t ~ 6 mA (3 mA cm ^ ) .  Reduced 
optimum curren t fo r  00°2 operation was observed fo r  a l l  m ixtures associated 
w ith  expected lower e le c tr ic a l e ff ic ie n c ie s  ^  1 to  3%.
143The regu la r band sealed lasers o f th is  type o f construction are known
to  have output powers per u n it length which saturate a t pressures 28 to  35
to r r  ( s l ig h t ly  dependent on m ixture) in  th is  tube diameter range. This
output sa tu ra tion  is  demonstrated in  5.14; in  contrast the 00°2 lase r output
peaked a t 16 to r r  and decreased sharply and o s c illa t io n  ceased a t > 25 to r r .
The 00°1 regu la r o s c il la t io n  continued to o s c illa te  a t h igher pressures above
50 to r r .  U ltim a te ly , discharge co n s tr ic tio n  occurred and the discharge
became unstable. The narrow range o f operating conditions fo r  00^2
o s c il la t io n  could be due to  the marginal gain o f the system (maximum gain -
minimum losses). Because 00°2 gains are highest fo r  high asymmetric s tre tch
mode v ib ra tio n a l temperatures (b e tte r population o f upper lase r le v e l)  gas
mixtures are required which are consisten t w ith  th is  requirement. Low COg
118 138content has been shown both experim entally and th e o re tic a lly  ' to  
produce high v ib ra tio n a l temperatures and the resu lts  o f th is  work are 
consis ten t w ith  th a t hypothesis. The ra t io  o f 2 to  3:1 Ng to  CO^  was 
required fo r  00^2 o s c il la t io n  whereas 2 to  1:1 was optimum fo r  regula r 
operation. This lower COg content means th a t the e q u ilib riu m  CO^  d isso c ia tion  
(which is  current dependent) can cause a ra p id ly  reducing COg concentration 
at h igher currents. This mechanism can account q u a lita t iv e ly  fo r  both the 
ra p id ly  reducing 00°2 output power and the considerably reduced e ff ic ie n c ie s  
a t moderate currents. Previously gas heating theories have been invoked 
to  expla in  COg 00°1 lase r power d e te rio ra tio n  a t higher cu rren ts ; i f  th is  is  
the case, then power reduction should not be seen in  medium and fa s t ra te
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F1g. 5.13 Typical performance o f a short (50 cm a m p lif ie r)  sealed CO^  lase r. 
The gas m ixture and pressure and laser output coupler were optimized fo r  00°2 
operation. The va ria tio n  o f s ing le  mode output power w ith  discharge curren t 
is  shown. The gas composition was 1 Xe, 1 COg, 3 Ng, 12 He.
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Fig. 5.14 Typical performance o f the sequence COg laser described in  F ig. 5.13 
The v a ria tio n  o f s ing le  mode output power w ith  to ta l laser a m p lif ie r  pressure 
is  shown fo r  15 mA discharge curren t.
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flow ing  gas lasers but th is  could be the consequence also o f lower 
d is s o c ia tio n ). The gas heating theory cannot be discounted a ltogether 
because de libera te  heating o f the w alls to  50 C (from 0 C) can re a d ily  
reduce the 00°1 output power by 50%. The equivalent increase o f a x ia l
temperature can be achieved by increasing the P/L by approximately 2 W/cm
in  th is  case. I t  is  assumed th a t the temperature r is e  modifies therm ally 
re levan t energy leve l populations and a lte rs  re levant temperature dependent 
rates in  the discharge. The fa c t th a t 00^2 power reduction is  more marked
than the 00°1 where thermal lower level population could be invoked as the
major mechanism strong ly  suggests th a t the gas heating theory is  not adequate. 
The re la t iv e .m e rits  o f these theories w i l l  be discussed la te r  in  th is  chapter 
during discussion o f the e ffica cy  o f Xe a d d ition .
The three main components o f the sequence lase r are
1. COg - Ng -  He - ? a m p lif ie r
2. COg hot c e ll absorber
3. COg fluorescence c e ll d isc rim ina to r
The f i r s t  has been b r ie f ly  described already although more care fu l analysis 
w i l l  be required to explain the de ta iled  OGE re su lts . The second component 
is  the f i l t e r  required to  e lim inate  regula r laser lin e s  and the th ird  is  
a d isc rim in a to r which can be used to unambiguously determine the band o f 
o s c il la t io n . The second and th ird  components are now to  be described.
5.11 HOT COq absorption OF RESONANT LASER RADIATION
A frequency se lec tive  f i l t e r  is  required fo r  COg sequence lase r operation 
to  attenuate regular lines  so th a t the gain is  lower than fo r  the required 
sequence lin e . In the case o f signature selected lin e s  the absorber must 
a ttenuate the whole CO^  (00^1 [l0°0, 02°o)^. j j )  laser band and not
appreciably attenuate the c lose ly  spaced ( in  frequency) sequence lin e s .
This c r ite r io n  is  met most simply w ith  su ita b ly  heated COg. Grating selected 
lasers only require the attenuation o f one neighbouring COg lin e  (w ith in  the 
bandwidth o f the g ra ting  ~ 3 to 10 GHz); NH^  absorption o f 10P(20) has been
102
144used. A lte rn a tiv e ly , the use o f ca v itie s  which are h igh ly  wavelength 
se le c tive  can be used w ithout an absorbing f i l te r ^ ^ ^  fo r  p a r t ic u la r  high 
gain 00°2 lines th a t have wavelengths s u f f ic ie n t ly  d if fe re n t to  the c losest 
(frequency) 00^1 neighbour. Unstable re tu rn  to  00°1 o s c il la t io n  can occur 
due to  ca v ity  d r i f t .
For these experiments powerful s ing le  mode lasers were required in  
order to  investiga te  the optogalvanic perturbations and hot COg in tra c a v ity  
c e lls  were investigated as su itab le  se lec tion  f i l t e r s .
From p ra c tica l requirements, several constra in ts upon hot ce ll 
construction and operation can be id e n t if ie d :
1. Strong se lec tive  absorption o f regular CO^  
lines (dependent on gas temperature and 
pressure)
2. Avoidance o f undue ca v ity  heating and 
expansion
3. Overall ca v ity  length re s tr ic t io n  1 to
1.5 m fo r  signature se lec tion
4. Choice o f su itab le  o p tica l components, 
window, m ateria ls and c e ll construction .
The construction o f such a hot c e ll has previously been described by Berger, 
Seimson and Reid^^^ which u t i l iz e d  a Ni chrome heater in  a vacuum ja cke t 
surrounding a quartz tube. This resu lted  in  an outside temperature o f ~ 40 C. 
The mechanical d e ta ils  o f the s truc tu re  re s u lt in  some uncerta in ty  o f 
absorption length due to  the length temperature p ro f i le .  The absorption o f 
COg lase r rad ia tion  (regu la r band) was found to  be independent o f pressure 
above about 30 to r r  in  agreement w ith  e a r lie r  spectroscopic re su lts .
Several simple and s im ila r  s tructu res were investiga ted  fo r  these 
experiments both inside and outw ith lase r ca v it ie s  and the most useful layout 
used is  shown d iagram atica lly  in  Figure 5.111 w ith  the associated temperature 
p ro file s  fo r  one and two heater windings. M iniature water jacke ts were 
included separating the heated area from the windows and several heater
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Fig. 5.111 The temperature va ria tio n  w ith  length due to  (1) a s ing le  0.15 O/cm 
nichrome tape winding o f constant p itc h , 3 turns per cm and (2) w ith  two 
iso la ted  windings in  p a ra lle l,  the outer as in  (1) and the inner wound w ith  
a non-uniform p itch  as shown in  F ig . 5.112 which se le c tiv e ly  heats the ends.
The heater was supplied w ith  10 V rms and the atmospheric a i r  temperature 
measured w ith  a Cr/Al thermocouple placed inside the tube. There is  some 
e rro r  introduced due to heat lo s t down the thermocouple w ire by conduction. 
E xc ita tion  w ith  24 V rms produced the maximum centre temperature o f 502 C.
Fig. 5.112 The innermost heater winding o f a COg hot absorber c e l l .  The 
variab le  winding p itch  and small water jackets are c le a r ly  seen. Position ing  
the heater turns closer to  the cooling jackets produces higher thermal 
gradients a t the ends.
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windings (some non-linear) were required to obtain a ' f l a t  top ' temperature 
p ro f i le  w ith  length (Figure 5.112). A heater vacuum jacke t was not used 
and the heating element was encased in  therm ally in su la tin g  ceramic wool 
and wrapped w ith  aluminium heat re f le c tin g  f o i l .  Thermocouples were attached 
to the outside o f the quartz tube; the temperature w ith  length p ro f i le  was 
investiga ted  in  a i r  a t atmospheric pressure. Berger e t al found l i t t l e  
d iffe rence  in  such temperature/length p ro file s  between a ir  a t 760 to r r  and 
COg a t 30 to r r .
The hot COg c e ll must suppress both 10 ym and 9 ym regu la r bands fo r  
signature se le c tio n ; the in tra c a iv ty  absorption is  minimum fo r  the 10 ym P 
tra n s itio n s  whereas the laser gain is  maximum. A s  a re s u lt , p rovid ing 
th a t the 10 ym tra n s itio n s  are suppressed no other 00^1 lines  w i l l  o s c il la te .  
A ll measurements o f absorption were made therefore a t 10P(18) and 10P(20) 
when the hot c e ll was being evaluated. As the COg temperature ( tra n s la t io n a l)  
increases the ro ta tio n a l Boltzmann d is tr ib u tio n  s h if ts  to  higher J values 
( fo r  example P(40) has increased absorption re la t iv e  to P(18)). From these 
considerations we can te s t the fundamental c r i te r ia  fo r  the estim ation o f 
the hot c e ll length, a parameter o f considerable p ra c tica l in te re s t. I t  is  
required th a t
1. There is  a net loss per pass fo r  a l l  00°1 
lines  or a t leas t
2. The net gain per pass 00°2 is  g reater than 
the net gain o f the regu la r band ( i .e .  
l i t t l e  or no 00°2 absorption)
3. Some compensation is  to  be made in  order to 
avoid low J value, regula r lase r o s c il la t io n .
Previous estim ations o f  length^^^ suggested lengths between 0.2 and 
0.25 o f the a m p lif ie r  leng th , the la t te r  fig u re  g iv ing occasional regu la r 
o s c il la t io n  a t low J value 00°1 tra n s it io n s . Absorption/gain ra tio s  o f
0.2 to 0.3 were investiga ted  in  these experiments by f i t t i n g  several c e lls ,  
and the ' f l a t  top ' temperature p ro f i le  has decreased the real length o f the
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absorbing f i l t e r .  Use o f a s ing le  KCL brewster window to  separate the hot 
COg absorber and the laser a m p lif ie r  was found to be an im portant step 
because the cav ity  losses are reduced.
Typical operating pressures and temperatures fo r  a 50 cm a m p lif ie r ,
15 cm absorber laser are shown in  F ig . 5.113. As the COg temperature is  
increased (200 to 500 C) the minimum required pressure to  hold 00°2 laser 
action reduces to  approximately 10 to r r .  To recover 00^2 sequence 
o s c il la t io n  once regular o s c il la t io n  has occurred higher pressure fo r  a 
given temperature is  required; fo r  example, to  stop 00°1 10P(20) o s c il la t io n  
in  th is  case a t 400 C a pressure o f 25 to r r  was required. This 'h y s te re s is ' 
phenomena has also been observed by Seimson^^^ and is  an example o f the 
e ffe c t which has recently  become known as op tica l b i s t a b i l i t y . O p t i c a l  
b is t a b i l i t y  is  defined as the existence o f two stab le  states o f an o p tica l 
system fo r  a given set o f inp u t cond itions. I t  is  possible to  id e n t ify  
which s ta te  (00°2 or 00°1) the laser is  in  by the tra n s it io n  pressure (o r 
temperature) when a discontinuous output power change occurs. For example, 
i f  the power change occurs a t 25 to r r  then the system is  00°1 going to  00^2, 
however, i f  the power change occurs a t 12 to r r  the system is  00^2 going to  
00°1. In th is  sense, the sequence band lase r system has a memory o f i t s  
present s ta te  (e ith e r 00^1 or 00°2) and two possible states which can be 
d iscrim inated (by the tra n s it io n  pressure fo r  a given temperature, o r vice 
versa).
By probing a hot CO^  c e ll o f the described construction w ith  a 5 W 
lase r beam and by de fin ing  the heated length to  be the po in ts where the 
temperature fa l ls  by 25% (say from 400 to  300 C) absorption c o e ff ic ie n t 
measurements were made fo r  two lengths and a series o f pressures and 
temperatures. The probe beam parameters and the laser in tra c a v ity  beam 
parameters were comparable in  p ro f i le  and diameter but the power density 
was reduced by a fa c to r o f 4 to  10.
The absorption c o e ff ic ie n t a t 500 C (a maximum p ra c tica l operating 
temperature) o f pure COg was found to vary from 2 x 10  ^ cm"^ a t 1 to r r
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to  ^ 2 X 10~^ cm  ^ a t 100 to r r  as shown in  Figure 5.114. The combined 
Doppler and c o ll is io n  broadening has been demonstrated extens ive ly  previously^^^ 
and the purpose o f th is  in ve s tig a tio n  was to  both optim ize the sequence lase r 
design and to make accurate q u a n tita tive  measurements fo r  the p a r t ic u la r  
beam parameters used in  these lasers (ra th e r than a conventional spectroscopic 
measurement). At low pressures (a few to r r )  and densities the absorption 
lin e  is  Doppler broadened and the lin e  centre absorption c o e ffic ie n t A(x^)
is  given by
^  nJ  • • (5-1)
where Mc  ^is  the re s t mass, g^/g^ the leve l degeneracy ra tio  and T is  the gas 
temperature. In th is  low density l im i t  the absorption is  d ire c t ly  
proportiona l to  density (because populations (N^, N^) increase lin e a r ly  w ith  
d e n s ity ); the ra d ia tion  tra n s it io n  l ife t im e  can be d ire c t ly  measured 
because a l l  the other parameters are known.
At higher pressures (> 5 to r r )  the absorption is  c o ll is io n  broadened
and the absorption c o e ff ic ie n t A(X^) is
A(X„) = ^  IN,  -  ^  N, I  (5 .2 )k  -  I  N il
where the constants are as previously but v is  the o p tica l broadening 
c o ll is io n  frequency. For gas in  thermal equ ilib rium  both populations 
and and the c o ll is io n  frequency are proportional to  density and 
consequently the absorption c o e ff ic ie n t becomes independent o f pressure. 
This measurement shows th a t fo r  COg a t 500 C the Doppler broadened 
absorption c o e ff ic ie n t is  equal to  the c o ll is io n  broadened c o e ff ic ie n t fo r  
a pressure o f approximately 8 to r r .  The saturated absorption c o e ff ic ie n t 
o f in te re s t in  th is  app lica tio n  is  Z% cm"^ in  good agreement w ith  
previous reports in  the l i t e r a t u r e , I t  is  c le a r ly  shown 
th a t there is  l i t t l e  advantage in  operating the hot c e ll a t pressures 
above 30 to  40 to r r .  I f  the pressure is  increased too much the CO^  
absorption c o ll is io n  broadening (~7.6  MHz/torr) u lt im a te ly  means th a t the
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F ig . 5.113 Typical operating ch a ra c te ris tic s  fo r  the hot COg absorber showing 
the tra n s it io n  to  00^1 o s c il la t io n  from 00°2 (by lowering pressure) w ith  r is in g  
temperature. The lin e  represents the boundary condition . A ll values o f 
pressure and temperature above the lin e  stop 00°1 o s c il la t io n .
10 =
Fig. 5.114 The va ria tio n  o f COg absorption c o e ffic ie n t w ith  pressure fo r  a hot
c e ll a t 500 C. The probe lase r was lin e  centre s ta b iliz e d  to  10P(18) and the
probe power was 5 W fo r  a s ing le  mode beam o f 1/e diameter o f 4.7 mm.
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F ig . 5.115 The va ria tio n  o f COg absorption c o e ffic ie n t w ith  c e ll temperature 
fo r  30 to r r .  The o ther conditions are as described above.
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neighbouring 00°2 lines  are also attenuated.
The r ise  o f absorption due to  temperature fo r  c o ll is io n  broadened COg 
is  due to  the increased thermal population o f the lower laser le ve ls .
Figure 5.115 shows the measured increase in  absorption c o e ff ic ie n t from 
~ 10  ^ cm  ^ a t 550 K to  ~ 2 x 10” ^ cm*"^  a t 780 K fo r  30 to r r  pressure. 
Absorption co e ffic ie n ts  ly in g  below th is  curve were measured fo r  a l l  lower 
pressures fo llow ing  the form described in  5.114. There is  some advantage 
in  using h o tte r c e lls  fo r  short c a v it ie s  and w ith in  the constra in ts  imposed 
by ca v ity  dimensional s ta b i l i t y  the temperature could be increased fu r th e r .
The 10P(18) tra n s it io n  was chosen as a representative mean band centre 
lin e  ra the r than 10P(20) due to  the la t te r 's  energy coincidence w ith  the 10R(23)
01^1 - 11^0 hot band tra n s it io n  (energy d iffe rence  0.01 cm"^) which leads 
to  anomalous absorption values.
A ca lcu la tion  on the basis o f these measurements may be attempted to 
p re d ic t the length o f absorber needed in  order to  s a tis fy  the d if fe re n t ia l  
gain c r ite r io n , i . e .  th a t the 00°2 adjacent lase r lin e  gain (oQQOg) is  
greater than 00^1 laser gain («qqO-i ) minus the s ing le  pass absorption. For 
a 500 C, 30 to r r  absorber an absorption c o e ff ic ie n t (a^) o f 2 x 10  ^ cm  ^
is  expected and the necessary absorption length is  by e lim ina tin g  the
exponentials
L) (“oo°l ~ “00°2^  ^ “ ^2  (5.3)
or
*-2  ^ ( “00°1 " “00° 2  ^    (5-4)
a
where is  the a m p lif ie r  length.
The saturated laser gains are known from experiments by Reid and 
Seimson, Smith and M e llis  and experiments performed fo r  th is  purpose during 
th is  work. Gain ra tio s  o f 00^1 band to  00°2 band in  the range 3 to  5 : 1 
have been measured fo r  sealed lasers depending on precise gas m ixture.
The 00°1 to 00°2 lase r gain ra t io  was 3:1 fo r  the p a r t ic u la r  optim ized gas
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mixture used here. Assuming^^^ “ 00°1 ~ 0.35 x 1G~^  cm"^ and
ÜQQOg = 0.12 X 10  ^ cm  ^ then the minimum length absorber required would 
be approximately 6 cm. This length needs to  be increased by 25% to  
account fo r  the end (a lb e it  sharp) temperature p ro f i le  (see Figure 5.111) 
and a d d itio n a lly  30% to avoid low J value 00°1 o s c il la t io n . A required 
minimum length o f ~ 9 cm or 18% o f the a m p lif ie r length is  predicted somewhat 
sho rte r than the Berger^^^ em pirical ru le . Three hot c e ll lengths (one o f 
which was s p l i t  in to  halves) were used in  the two sequence lase rs ; fo r  450 C 
and 30 to r r  COg. No 00°1 re je c tio n  occurred w ith  a hot c e ll 12% o f the 
a m p lif ie r  length. With a hot c e ll 22% o f the a m p lifie r length a l l  00°1 lin e s  
except 00°1 10P(12) and 1 OP(8) were re jected . With a 25% hot c e ll length 
only 10P(12) was ava ilab le  in  the 00°1 band simultaneously w ith  some sequence 
lin e s ; i t  could be elim inated by s u ita b ly  lowering the discharge cu rren t. The 
longest hot c e ll (28% o f the a m p lif ie r length) was successful in  provid ing  
complete re je c tio n  o f the 00°1 lines fo r  a temperature o f 450 C w ith  a 
30 to r r  COg f i l l i n g .
There is  only poor agreement e m p irica lly  w ith  the above p re d ic tio n  
((5 .4 ))  because in  p ractice  L^/L^ ^ 0.25 was required fo r  good to  complete 
re je c tio n . This may be due to  some sa tu ra tion  o f absorption due to the 
h igher in tra c a v ity  power (ra th e r than probe beam) and due to simultaneous 
o s c il la t io n  and rapid lin e  sw itching e ffe c ts  which have not been considered. 
A d d it io n a lly , the ra t io  o f lase r gains can be higher than the assumed values 
due to d issoc ia tion  m ixture balance and other e ffe c ts . Because in  p ractice  
the o s c il la t io n  w i l l  always be somewhat away from optimum 00°2 conditions 
the 00°1 gain increases p re fe re n t ia lly  and should be compensated by increased 
absorbing power.
5.12 COq 00°1 fluorescence CELL DISCRIMINATOR
The function  o f th is  component was to  unambiguously id e n t ify  00°1 lase r 
tra n s it io n s . Absorption by room temperature COg o f regular CO^  laser 
tra n s itio n s  is  a resonant process ( |l0°0, 02®o]j j j  - 00^1); fo r  low pressures
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o f COg the absorption lin e  is  not c o ll is io n  broadened and has a lin e  w idth 
40 MHz. Following absorption o f laser photons re laxa tion  from the 
increased 00°1 population occurs to  re -es tab lish  the eq u ilib riu m  population 
fra c tio n  (determined by the temperature o f the gas). Relaxation by 
spontaneous emission in  V-R bands occurs (see Figure 5.11) and th is  has a 
c h a ra c te r is tic  band centre wavelength o f 4.3 \im. The optogalvanic detection 
o f ( [l0 °0 , OZ'^oJj j j  -  00°1) absorption fo r  s ta b iliz a tio n  and d isc rim ina tion  
w i l l  be presented in  Chapter 9 and the use o f narrow standing wave sa tu ra tion  
resonances fo r  OGE and o p tica l detection investiga ted . The ro ta tio n a l 
s p l i t t in g  th a t re su lts  in  the various J value tra n s itio n s  ensures resonant 
absorption o f each 00^1 laser tra n s it io n  by the low pressure absorbing gas.
However, in  general, sequence tra n s itio n s  have d if fe re n t frequencies 
which are s ta t is t ic a l ly  u n lik e ly  to overlap w ith  the 00°T resonant 
absorption lin e s . At lOP band centre the lin e  spacing ( f^  - f^_^) is
'V 55 GHz and the bandwidth fo r  pressures below ~ 1 to r r  A f  is  40 MHz.
The p ro b a b ility  (P) o f a coincidence g iv ing  4.3 ym fluorescence fo r  00°2 
ra d ia tio n  presuming th a t the anharmonic s h i f t  o f 00°2 re la t iv e  to  00^1 is  
»  A f  ( i t  is  ~ 10 GHz) is  given by
P S A f/fn  -  V i  « 1 0 "'   (5 .5 )
which is  in s ig n if ic a n t because only ten o r so lines are ava ilab le  in  the 
s ignature . The in e q u a lity  represents the possible fa lse  d iscrim ina tion  
due to  a p o s it iv e  fluorescence signal fo r  00°2 photons. By noting the 
s p e c if ic  la se r power, improvement o f the d iscrim ina ting  power by a fa c to r  
~ 10 to  10^ is  achieved (w ith  ca lib ra ted  4.3 ym photon y ie ld ) .  This 
d isc rim in a to r system should be capable o f id e n tify in g  (see Figures 5.122 
and 5.123) 00^1 radiated power w ith  detection o f sequence lin e s  erroneously 
fo r  only 1 in ~ 10^ to  10^ lin e s .
I t  is  possible to  ca lcu la te  the spontaneous emission f lu x  per u n it
s o lid  angle fo r  a given experimental geometry^^^ and i t  is  w ell known®^’ ^^ 
th a t the y ie ld  is  p a r t ic u la r ly  small and synchronous detection is  usually
109
used. The spontaneous emission p ro b a b ility  is  sm all, (a t 0.1 to r r
— 5 “ 1~ 10 cm ) and as a re s u lt the fo llo w in g  considerations can be id e n tif ie d
1. The probing 00°1 lase r beam is  only very 
s l ig h t ly  attenuated .
2. The asymmetric s tre tch  mode v ib ra tio n a l 
temperature is  approximately the wall 
temperature, the re fo re , 000 is  w ell 
populated whereas 00°1 has a very small 
population .
3. The (10°0, 02°0)j j j  leve l set is  only 
s l ig h t ly  populated but s ig n if ic a n t ly  more 
populated than (10°1, 02^1) j  ^  se t.
4. Rotational e q u il ib r ia t in g  processes e x is t 
which reduce the fluorescence tra n s it io n  
p ro b a b ility .
5. The COg detecting gas is  o p t ic a lly  dense 
fo r  the 4.3 ym photons and substan tia l 
reabsorption occurs.
The conclusion to  be drawn from these observations is  th a t the 
co llec ted  photon f lu x  a t 4.3 ym w i l l  be sm all.
I n i t i a l l y  a d isc rim ina to r c e ll was constructed which was o f large 
diameter 2.5 cm and only small s ignals (< 1 yV fo r  1 W laser beam) could 
be obtained w ith a 77 K cooled InSb de tector. A sm aller diameter 
d isc rim in a to r c e ll was constructed which minimized the distance from the 
in te ra c tio n  region to  the KCl detector window (^ 5 mm). The fluorescence 
wavelength was id e n t if ie d  by using a series o f o p tica l f i l t e r s  w ith  
d if fe re n t passbands placed between the detector and the source. I t  was 
established th a t the received wavelength lay between 3 and 7 ym and th a t 
the ra d ia tio n  was due to  resonant absorption in COg (s u b s titu tin g  the COg 
w ith  Ng produced no s ig n a l) .
The dependence o f 4.3 ym fluorescence in te n s ity  on pressure was
n o
investiga ted  to  fin d  optimum operating conditions fo r  the d isc rim in a to r.
Figure 5.121 shows the fluorescence signal detected w ith  the n itrogen cooled 
InSb de tector using a 4 mm Ge f i l t e r  over the pressure range 20 m torr to  
50 to r r .
The re su lts  show a s ig n if ic a n t d iffe rence to those o f Woods and
1 cmJ o l l i f f e  where nearly saturated output was measured ~ 0.1 to r r .  The 
00°1 -> 000 y ie ld  should a t low pressure increase w ith  pressure as the 
(10°0, 02°0) populations increase fo r  a given temperature. A d d it io n a lly , 
however, the reabsorption o f the 4.3 ym photons is  a resonant absorption 
process and the sheath o f gas surrounding the in te ra c tio n  region becomes 
o p t ic a lly  th ic k  a t higher pressures. There is  q u a lita tiv e  agreement w ith  
th is  descrip tion  but p re d ic tio n  o f the exact peak fluorescence pressure 
( in  th is  case a t 4.5 to r r )  depends s trong ly  on geometry (inc lu d in g  beam 
parameters, divergence, p ro f i le ,  e tc . ) .  Fluorescence c e lls  o f th is  type are 
usua lly  operated a t pressures 0.1 0.6 to r r  so th a t saturated standing wave
resonances (Lamb dips) can be observed fo r  frequency reference (see Chapter 9). 
However, fo r  sequence/regular band d iscrim ina tion  h igher pressures can be 
used. Indeed there is  some advantage in  using higher pressures from the 
aspect o f l in e a r ity  (h igher sa tu ra tio n ). Figure 5.122 shows the 4.3 ym 
fluorescence s ignal increasing w ith  increasing laser probe power. Some 
n o n - lin e a r ity  is  observed a t 0.6 to r r ;  the laser absorption s ig n if ic a n t ly  
depletes the (10°0, 02°0) population at powers o f 5 to  10 W (20 to  40 W/cm^).
I t  is  useful to  use the d isc rim in a to r as a measure o f 00°1 laser power when
mixed 00°2/00°l lase r outputs are being monitored and a s trong ly  saturated
fluorescence response (occurs a t pressures below 0.2 to r r )  is  not p a r t ic u la r ly  
use fu l. The frequency s h if ts  o f the 00^2 lines  (compared w ith  00°1) can be 
seen d ire c t ly  w ith the O ptical Engineering spectrum analyzer near 10 ym 
band centre. The s h if ts  are a l l  la rge r (~ 40 GHz) than the reso lu tion  o f 
the system ('\, 3 GHz); th is  has been i llu s tra te d  in  Figure 5.12.
The fluorescence photon y ie ld s  are a function o f ro ta tio n a l quantum
number. The dependence o f fluorescence in te n s ity  on tra n s it io n  J values
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Fig. 5.121 00°ls 10P(22) fluorescence signal detected w ith  RPY37, an InSb
de tec to r, Ge f i l t e r  and XlOO Brookdeal p re am p lifie r. The probe beam, 
s ta b iliz e d  a t lin e  centre, had a power o f 700 mW, and was positioned o f f  
axis close to  the side window.
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Fig . 5.122 00°1, 10P(20) fluorescence signal [as above) fo r  0.6 to r r  CO^  using 
a compact laser to  provide the probe beam.
mwere measured fo r  the TOP band. A Boltzman d is tr ib u tio n  o f the 00^1 
ro ta tio n a l sublevels was observed. This is  due to the rapid ro ta tio n a l 
the rm a liza tion  ra te  ('v 0.1 ys) which is  very much fa s te r than the 00° 1 
re laxa tion  ra te  ('v- 1 ms). For a temperature o f ~ 300 to  400 K the Boltzman 
d is tr ib u t io n  peaks a t P(20). A reduction o f 00°1 fluorescence to  30% o f 
the 10P(20) value was measured a t 10P(12) and a reduction to 50% o f the 
10P{20) value a t 10P(26).
5.2 THE ADDITION OF Xe TO COp SEQUENCE LASER AMPLIFIERS
The re la t iv e ly  low output power/unit length and e ffic ie n c y  o f the 00°2
sequence lase r required experiments to  improve the operating conditions so
th a t small (< 1 m) devices may provide s u f f ic ie n t  and maximized output power.
Figure 5.21 shows how the optimum ra t io  o f Ng/COg was established over the
p ra c tic a l current range. The Ng/COg ra t io  o f 2 to 3:1 was found a reasonable
c r ite r io n  fo r  00°2 ra ther than the 1 to 2:1 ra t io  fo r  00°1 fo r  mixtures th a t
are He r ic h  ( i .e .  He/COg ra t io  > 10:1). However, low He concentration
mixtures have considerably reduced gain and ra tio s  lower than ~ 6:1 d id  not
o s c il la te  w ith  output coupler r e f le c t iv i t ie s  less than 95%. This gas
composition (1 :3:80, CO^, Ng, He) fo r  the 50 cm a m p lifie r is  in  reasonable
1 3 8  149agreement w ith  Reid and Siemsen's optimum ’ where i t  has been found 
th a t higher ra tio s  o f He/COg than in  the regu la r lase r were optimum fo r  
flow ing  systems. However, in  the flow ing  case lower He concentrations were 
to le ra ted  (optimum ~ 5:1 He/COg).
By using the two COg sequence lasers w ith  s p l i t  discharges and three 
output couplers (98%, 95%, 94%) the output power fo r  the optimum mixture 
1 COg, 3 Ng, 10 He could be evaluated fo r  the four lengths. The minimum 
a m p lif ie r  length w ith  98% coupler is  ~ 40 cm and 1 W can be extracted from 
50 cm. For 80 cm output power o f ~ 1.5 W has been achieved so fa r  and 
approximately 3 W should be a va ila b le .
Figure 5.22(a) shows in  the upper p a rt how the to ta l s ing le  mode 
lase r output power varies as the hot c e ll pressure is  increased fo r  a
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Fig. 5.21 The maximum s ing le  mode 00^2 output power ava ilab le  from the 
sealed 50 cm a m p lif ie r COg sequence band laser (see Fig. 3.01 (b) and 
chapter 3.12) w ith  op tim iza tion  o f cu rren t and se lection  o f the output coupler 
(94%, 95%, 98%). The gas mixtures consisted o f 12 to r r  He and 1 to r r  Xe w ith
Ng and COg concentration as shown.
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temperature o f 350 C. A d is t in c t  d is co n tin u ity  o f power occurs a t 25 to r r .  
The 4.3 ym (00°1 - 000) fluorescence signal decreases (Figure 5 .22(b)) in  
accordance w ith  reducing 00°1 lase r power and the cut o f f  o f regu la r band 
o s c il la t io n  occurs a t 30 to r r .  From th is  information and the c a lib ra tio n  
o f the fluorescence c e ll the 00^1 and 00°2 o p tica l power con tribu tions  can 
be ca lcu la ted and th is  is  shown in  Figure 5.22. The onset o f 00°2 
o s c il la t io n  is  sharp and rises  to  a plateau value as the 00^1 output is  
extinguished. For a narrow range o f conditions both 00^2 and 00^1 o s c il la t io n  
can occur and th is  region was id e n t if ie d  w ith  the minimum in  the output power 
curve (Figure 5 .22(a)).
The add ition  o f a small q u an tity  o f Xe, as used in  the sealed regu la r band 
lase r, resu lted in  considerable improvements in  performance (up to  75% in  
output power, 50% in  e ff ic ie n c y ) . However, i f  1.5 to r r  Xe is  added (see 
Figure 5.23) to  the mixture o f 1 COg, 3 Ng, 10 He then the plateau value o f 
sequence band output power is  increased from 0.25 W to  0.48 W. The decreasing 
00^1 power w ith  increasing COg absorbed pressure is  e s s e n tia lly  unchanged.
The a b i l i t y  o f Xe to a ss is t in  the maintenance o f 00°2 output power and 
e ff ic ie n c y  is  shown in  Figure 5.23. Additions o f more than 10% Xe decrease 
output power and less than 2% have l i t t l e  e ffe c t. Subsequently, th is  
observation has been v e r if ie d  by inve s tig a tio ns  o f Siemsen who found 
s im ila r  increases fo r  la rg e r lasers o f up to  80% and d e ta iled  gain experiments 
by Smith and M e llis^^^ and Siemsen^^^ have shown th a t additions o f ~ 5% Xe 
re s u lt in  a small s ignal gain (a^) increase fo r  a ll  slow flow  ra tes. Increases 
o f small signal gain in  sealed systems due to Xe add ition  were not found by 
Siemsen and some b ene fic ia l e ffe c ts  o ther than d issoc ia tion  contro l were 
suggested. Recent inve s tig a tio n  by M e llis^^^  has shown th a t sealed lase r 
eq u ilib riu m  COg d issoc ia tion  is  considerably modified by Xe a d d itio n . 
Investiga tions o f the d issoc ia tion  (2 COg 2 CO + Og) ra te  constant ky have 
shown th a t Xe, Kr, Dg and Hg a l l  reduce (and indeed 'v 0.05 to r r  residual 
Hg is  b e ne fic ia l in  th is  respect). However, Siemsen has observed th a t a ll  
those gases other than Xe reduce the small signal gain. However, 5% Xe
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Fig. 5.22 Laser output povær, 4.3 ym fluorescence signal and ca lcu la ted 
regula r and sequence power con tribu tions w ith  the va ria tio n  o f COg hot c e ll 
pressure. The hot c e ll temperature was 350 C and the a m p lif ie r  gas m ixture 
was 1 Xe, 1 COg, 3 Ng, 12 He ( to r r ) .
I 0.6 SEQUENCE ONLY 
10P19
0.2
PRESSURE (torr)
F ig . 5.23 The to ta l lase r output power va ria tio n  (a ll  00°2 above 20 to r r )  
w ith  the va ria tio n  o f hot c e ll pressure w ith  conditions as above except the 
hot c e ll temperature was 400 C.
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addition  a t high flow  rates ('v 1 L/min) gives gains close to the d issoc ia tion  
free  case. Xe has a low ion iza tion  p o te n tia l and a large crosssection fo r  
high energy e lectrons which otherwise are s ig n if ic a n t in  d isso c ia tion . The 
re s u lt o f the modified e lectron k in e tics  (changes in  mean free  path, l ife t im e  
and energy d is tr ib u tio n )  could improve the pumping mechanism or re s u lt in  a 
la rg e r fra c tio n  o f energy being coupled to the asymmetric s tre tch  mode.
This would d ire c t ly  lead to the increase in  e le c tr ic a l e ff ic ie n c y  seen.
But more s ig n if ic a n t ly  the change in  e lectron k in e tics  could modify the
COg d issoc ia tion  which is  e lectron density and energy dependent. A lte rn a tiv e ly .
the small magnitude o f the changes in  small signal gain seen by Siemsen may
be most s ig n if ic a n t because they occur in  sealed o s c il la to rs
(lower g a in ); very small changes in  gain can cause la rg e r v a r ia tio n  o f output
power; a lso e lectron density changes could a lte r  the sa tu ra tion  in te n s ity
as w ell as small s ignal gain which is  not necessarily  the most s ig n if ic a n t
parameter in  assessing o s c il la to r  output powers.
5.3 00°2 SEQUENCE BAND OPTOGALVANIC EFFECT
The f i r s t  COg 00°2 sequence band optogalvanic measurement was made in 
these experiments and i t  has been described how the e ffe c t was used to 
s ta b iliz e  a laser o s c il la to r  (Chapter 4 .4 ). I n i t ia l  experiments confirmed 
th a t the phase o f optogalvanic signals in  the low frequency regime < 300 Hz 
were the same as fo r  the 00°1 lase r by chopping (on and o f f )  the ra d ia tio n  
f ie ld  and measuring the voltage and curren t changes. For constant cu rren t 
e xc ita tio n  the voltage across the discharge tube increased w ith  increasing 
lase r power a t low frequencies (< 2 kHz) whereas i t  decreased a t high 
frequencies fo r  both 00°1 and 00°2 o s c il la t io n . S im ila r ity  w ith  constant 
voltage e xc ita tio n  the c i r c u i t  cu rren t was decreased and the tube voltage 
increased a t low frequencies (< 2 kHz) fo r  both 00^1 and 00°2 lase r opera tion, 
whereas a t high frequencies the c i r c u i t  curren t increased and the tube voltage 
decreased w ith  increasing lase r power. The high frequency e ffe c t (described 
in Chapter 6 ), the re fo re , shows complete agreement in  phase. By using
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sinusoida l ac pertu rba tion  by PZT length modulation and phase se n s itive  
detection the d iffe rence  in  the phase o f 00°2 and 00°1 OGE signals a t 
frequencies < 500 Hz were seen not to  exceed tt/ 1 0 .  Optogalvanic signal 
decay a t frequencies greater than 'V' 800 Hz was observed consistent w ith  
the 00°1 s itu a tio n  (Figure 4.15) fo r  both cc and cv e x c ita tio n . A f u l l  
high frequency optogalvanic spectrum up to  100 kHz was observed and no 
s ig n if ic a n t d iffe rence  to the 00°1 case could be detected.
The amplitude o f the 00°2 OGE signals was smaller than the regu la r 
band in  a l l  s itu a tio n s  investiga ted  which included the maximum operating 
range o f pressure and curren t. A convenient representation o f the o p to vo lta ic  
s h i f t  fo r  a dc o n /o ff pertu rba tion  is  to  consider the increased discharge 
power (voltage change m u ltip lie d  by curren t) brought about by sw itching the 
laser beam on from the n o n -o sc illa tin g  s ta te . The power change is  not 
c i r c u i t  dependent as other schemes are (see 3.2) and i t  is  approximately 
constant over a wide range o f e x c ita tio n ; the re fo re , i t  provides a good 
measure o f any other parametric change occurring in addition  to  the 
optogalvanic pe rtu rba tion . This concept w i l l  be used extensive ly in  Chapters 
7 and 8. Figure 5.31 shows the increased discharge power AP.^ due to  a 
lase r f ie ld  w ith in  the cav ity  th a t produces an output power P^^^ o f 0 to  
0.5 W. P reviously, Figure 4.12 showed how the discharge voltage varied a t 
cc fo r  a change o f lase r output power. This representation showing the 
inp u t e le c tr ic a l power pertu rba tion  which is  the cc m u ltip lie d  by the voltage 
s h i f t  has a s im ila r  form.
Because the p a ir  o f tra n s itio n s  00°1 and 00^2 have d if fe re n t gains, the 
ca v ity  losses (ç) have to  be set to  d if fe re n t values, by d if fe re n t degrees 
o f misalignment, fo r  the same output power. For example, w ith  f u l l  alignment 
o f the output coupler, the 00°1 10P(20) maximum output power was ~ 1.8 W 
whereas the 00^2 10P(23) maximum power was approximately 0.7 W so to  obtain 
0.7 W from the 00°1 tra n s itio n s  ra ther more loss has to  be introduced. The 
optogalvanic signal is  predicted to be l in e a r ly  dependent on the losses 
fa c to r  (equation (7 .2 8 )). For an o s c il la to r  kept otherwise the same (mode.
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e x c ita tio n , d if f ra c t io n  losses, e tc .)  the ra tio  o f the losses fa c to r  is  ju s t  
equal to  the ra t io  o f the saturated lase r gains. Another way o f describ ing 
th is  is  as fo llo w s :-  fo r  a high gain tra n s it io n  ( i .e .  00°1) the number o f 
photons produced per u n it volume is  greater than fo r  a low gain tra n s it io n . 
For the same irrad iance  and output power some o f the high gain lin e  photons 
must be given up d e lib e ra te ly ; th is  is  achieved experim entally by p a r t ia l 
m irro r misalignment. The ra t io  o f the energy wasted per round t r ip  is  ju s t  
N^/Ng where and are the photon creation rates per u n it volume. For 
the same e q u ilib riu m  beam irrad iance  the ra t io  o f losses must be equal to 
th is .  A d d it io n a lly , o f course, the ra t io  o f photon creation rates is  ju s t  
equal to  the ra t io  o f saturated lase r gains a^/a^, the re fo re ,
«1 Ç
^  ^ 4  ^ <  ...................................................................
Taking the standard form ulation o f the lase r gain (o r absorption) fo r  a
pressure broadened lin e
^2^21
8tt^
2 1 
92 " 9i
L  •  ....................................(5 .7)(Av)
where A^^ is  the spontaneous tra n s it io n  p ro b a b ility  and and are the 
lower and upper leve l populations, the g fac to rs  are the degeneracies, x is  
the lin e  centre wavelength and Av is  the o p tica l broadening c o e ff ic ie n t 
which w i l l  a l l  be equal fo r  00°1 and 00^2 lines  o f close wavelength apart 
from the population d iffe rences and the tra n s it io n  p ro b a b ilit ie s , hence the 
ra t io
4  '  ^  ........................................................(S .8)
where aN  ^ is  the population inversion (N^ - N^) o f the 00°1 tra n s it io n  and 
(A2 i ) i  is  the 00°1 tra n s it io n  p ro b a b ility , e tc . The ra t io  o f the tra n s it io n  
p ro b a b ilit ie s  has been measured by Reid e t al to be close to 2 (pred icted 
by simple harmonic o s c il la to r  model) and fo r  the 9.4 ym bands the tra n s it io n  
p ro b a b ilit ie s , which are the square o f the quantum mechanical m atrix
OO'l P20I ' ,, Id — 15m A£a.
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Fig . 5.31 V aria tion  o f changed inpu t power (AP^^) w ith  adjusted laser output 
power fo r  15 mA cc e xc ita tio n  during 00°2 and 00°1 o s c il la t io n .  The laser
ca v ity  was 1 m long, w ith  a 50 cm a m p lif ie r  and optimized 00°2 m ixture a t 15 to r r .
0.25
F ig . 5.32 The e ffe c t o f increasing discharge current (Increasing discharge 
temperature) fo r  00°2 sequence band OGE. The discharge power va r ia tio n  
APin fo r  a given lase r output power is  shown fo r  {▼) 10 mA, (a ) 15 mA, (b )
20 mA 00^2 10P{23) o s c il la t io n  and 10 mA (®) 00°1 10P(20) o s c il la t io n .  The 
gas composition was 1.5 Xe, 1 COg) 3 Ng, 12 He ( to r r )  w ith a 50 cm a m p lif ie r  
and 95% r e f le c t iv i t y  output coupler.
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elements, ( y )  were found to  be
y
(A , ; ) :
= 1-89   (5 .9)
Consequently, because the measured linew id ths are equal
1 AN^
«2 1.89 ANg (5.10)
and because the optogalvanic response (aP) is  ju s t  lin e a r  w ith  losses fa c to r 
from (5 ,1)
AP. Cl 1 AN-
TTW ÏFÇ ......................................................... (S.TT)
The ra t io  o f population d iffe rence  is  ju s t  a function o f the asymmetric s tre tch
v ib ra tio n a l temperature i f  the lower la se r leve l d iffe rences is  ignored. This
appears to  be a v a lid  assumption because the populations are known to  be small
and good p red ic tions o f behaviour can be obtained w h ils t  not taking account 
118o f th is  parameter. For the cu rren t densities and mixtures used the 
v ib ra tio n a l temperature is  2500 K to  3000 K fo r  a sealed lase r and th is  
d ire c t ly  gives a fra c tio n a l upper la se r leve l population ra t io  t^oo2^*^ooi 
between 3.5 and 4.^^^ I f  the lower populations are presumed to  be zero then
AP I N .
ÂF^ = W  T g f  "  1-6 to  2.0  (5.12)
I t  can c le a r ly  be seen from Figure 5.31 th a t a 10 mA e x c ita tio n  current 
optogalvanic ra t io  aP^/aP  ^ is  1.8.
Figure 5.32 shows the v a r ia tio n  o f optogalvanic ra tio s  over the f u l l  
operating current range; the 00°2 optogalvanic change is  greater fo r  high 
currents (20 mA) compared to  currents 10 to  15 mA. An e x c ita tio n  power 
increase also causes an increase in  optogalvanic pertu rba tion  (due to 
increasing gas temperature - see Chapter 8 fo r  d e ta ils ) . At optimum currents 
the pertu rba tion  w i l l  be re la t iv e ly  large due to  the maximized gain which 
re su lts  in  a h igher loss being required fo r  a given output beam power. By
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comparing only the maximum output power fo r  a given cu rre n t, equal values o f 
losses fa c to r  are observed and hence the slope d ifferences show only the 
gas temperature d ifferences due to  P/L changes. For th is  low pressure 
m ixture the P/L increases from ~ 1.5 W/cm to 2.5 W/cm fo r  a current increase 
from 10 mA to  20 mA. The corresponding increase in  the predicted AP (from 
(7,28) and (7.29)) using Shields and Smith's^^^ em pirical temperatures (see 
Chapter 8) is  a fa c to r o f 'v 25%; the actual increase is  27%.
The exact ra t io  o f power changes AP^/APg w i l l  fo r  a lase r o s c il la t io n ,  
be equal to the ra t io  o f saturated lase r gains. The e ffe c t  o f lase r action 
w i l l  be to reduce AN and i t  is  possible th a t AN^^^ w i l l  be reduced more o r 
less than AN^^^ fo r  a given output beam (ApQ^t) to  the lower pumping 
ra te  and other fa c to rs . For very low beam irradiances (output powers 'v 50 mW) 
when the ca v ity  is  considerably m isaligned then the stim ulated emission 
de -exc ita tion  mechanism is  small compared w ith  the c o ll is io n a l re laxa tion  
processes. Because the ra t io  AP^/APg obtained in  th is  regime is  s im ila r  in  
value to  the ra t io  over most o f the operating range i t  seems th a t any 
d iffe rence  in  sa tu ra tion  parameter is  not p a r t ic u la r ly  s ig n if ic a n t.
5.4 CO MOLECULAR LASER OPTOGALVANIC EFFECT
The CO laser e xh ib its  considerable k in e t ic  d ifferences to  the COg la se r, 
however, i t  is  e le c t r ic a l ly  e f f ic ie n t  10 to  20%) and can generate high cw 
output powers per u n it length ('V 20 W/m). As a re s u lt , the optogalvanic 
pertu rba tion  is  expected to be large because o f gross e le c tr ic a l perturbations 
occurring due to the large laser ra d ia tio n  f ie ld  w ith in  the discharged volume.
The CO v ib ra tio n a l e x c ita tio n  is  due to the e lectron  impact w ith  the CO 
molecules which populates the lower v ib ra tio n a l leve ls . V ib ra tio n a l-  
v ib ra tio n a l- tra n s la t io n a l (V-V-T) c o llis io n s  d is tr ib u te  the e x c ita tio n  to 
higher leve ls and the v ib ra tio n a l population eq u ilib riu m  is  determined by 
both V-T and V-V-T re laxa tion  o f high energy leve ls . The CO v ib ra tio n  is  
anharmonic so th a t re laxa tion  o f the h igher leve ls is  reduced and population 
o f the leve ls ~ 5 to  ~ 15 are approximately equal.
118
Multimode CO laser output usually occurs on a large number o f 
v + 1 -4- V, J - 1  J ,P  band V-R tra n s it io n s  (wavelength in  the 5 ym 
reg ion ). I f  g ra ting  lin e  se lection  is  used then output on a few c lose ly  
spaced lines  occurs^^^ and the output power per u n it length is  reduced from 
~ 20 W/m to  'v 1 W/m. The reduction in  power and e ffic ie n c y  is  due to  the 
nature o f  the tra n s itio n s  in  the v ib ra tio n a l system which are usually  a 
series o f cascades o f approximately equal energy tra n s itio n s  w ith  a loss o f 
one ro ta tio n a l and one v ib ra tio n a l quantum.
Room temperature cooling can be used fo r  e f f ic ie n t  sealed CO lasers^ 
as long as care fu l mixtures and hydrogen fre e , high vacuum systems are used. 
The be ne fic ia l addition  o f Xe^^^ and Og^^^ to  CO and He mixtures re su lts  in  
the p a r t ic u la r  high gain m ixture o f 0.1 t o r r  Og, 1.4 to r r  CO, 2.5 to r r  Xe 
and 25 to r r  He being used in  these experiments. The discharge v - i 
c h a ra c te r is tic  is  shown in  Figure 5.41. The perturbed c h a ra c te r is tic  fo r  
2, 4, 6, 8 and 10 W output beam is  also shown. The to ta l ca v ity  losses 
include 5% output coupling. The e x c ita tio n  consisted o f a cv power supply 
w ith  200 b a lla s t to each tungsten anode and 200 ko. to  the copper cathode; 
the s p l i t  discharge to ta l length was 90 cm.
The optogalvanic pertu rba tion  is  large fo r  cv e x c ita tio n  even though 
the c i r c u i t  gain a m p lifica tio n  fa c to r is  low compared to COg (due to  the 
f la t t e r  nature o f the v - i ch a ra c te ris tics  a t the optimum cu rre n t). The gas 
a m p lifica tio n  fa c to r can be determined approximately; when a 10 W beam is  
extracted from the cav ity  the lase r discharge voltage a t 16 mA increases 
from 2.9 kV to  3.53 kV (w ith  beam on) w ith  a curren t reduction o f 0.7 mA. 
This current change w i l l ,  a t most, increase the discharge voltage by 50 V 
(from the v - i c h a ra c te r is tic ) . The a m p lifica tio n  fa c to r was, the re fo re , 
approximately 1.08. The voltage s h i f t  can be treated as a cc power change 
(because the gas a m p lifica tio n  fa c to r is  approximately u n ity ) and then 
compared (Figure 5.42) to  the COg case; th is  comparison re su lts  in  the same 
order o f magnitude optogalvanic e ffe c t .  The exact comparison o f magnitude 
could not be made because the precise losses o f the CO lase r ca v ity  were
4.0
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Fig. 5.41 The va ria tio n  o f discharge voltage (one 45 cm segment) w ith ’ 
discharge current fo r  d if fe re n t lase r output powers selected by varying the 
misalignment o f the 95% Ge output coupler. The gas composition v/as 1,4 COgi
2.5 Xe, 0.1 Og, 22 He ( to r r ) .
K COj 
00°1 10P20lU
X  1.0 CO MULTILI  ^
5 um
Ui r^COa 
00°2 10P23UJ
0 .3  0.4
LASER OUTPUT POWER (W)
0.1
F ig . 5.42 The v a ria tio n  o f increased discharge power fo r  the 90 cm 
active  length CO lase r described above and the 50 cm COg sequence band laser,
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unknown. Assuming 7% to ta l ca v ity  losses and taking the power pertu rba tion  
during f u l l  alignment, the CO e ffe c t is  o f s im ila r  magnitude to  the COg 00°1 
e ffe c t because the minimum losses fa c to r o f the sequence 5 W COg laser 
( inc lu d in g  Brewster windows) was 'v 20%. The doubled discharge o f the CO 
lase r gives tw ice the voltage (power) change but the reduction o f a fa c to r  
o f 2 to  3 in  the minimum losses compensates fo r  th is . The consideration o f 
ca v ity  losses is  included in  the theory, e lucidated in  Chapters 7 and 8.
The V-V rate co e ffic ie n ts  fo r  CO lase r discharges have been ca lcu la ted 
by Lightman and F i s h e r . A s s u m i n g  a mean v ib ra tio n a l leve l v = 10 the 
rate k^^ ~ 1 .5  x 10^° s”  ^ (v v - 1 ) .  The number density (N) o f the 
V = 10 v ib ra tio n a l population has been calculated by Davies, Roberts,
Smith and Thompson^^^ and measured by Lightman and Fisher^^^ to  be ^ 10^^, 
a su ita b le  experimental value fo r  v v - 1 is  = 1.5 x 10^^ cm~^.
The l im it in g  time during which the upper laser leve l can re -es ta b lish  
e q u ilib riu m  by c o llis io n s  due to ra d ia tio n  is  ju s t  given by
Nvio ~ 2 X 10-“ s
In other words, as in  the case o f CO. la se r upper leve l (00°1) re la xa tio n , 
any changes in  gas heating cannot occur in  the CO lase r gas fa s te r than 
'V 200 ys; in  the COg lase r the l im it in g  time was found to  be approximately
0.5 ms (see Chapter 6 ).
The in ve s tig a tio n  o f the OGE spectrum used signal p ick o f f  by transform er 
coupling (Figure 3.226) to  a double discharge Edinburgh Instruments PL3. The 
PZT was driven w ith  4 V rms (producing amplitude modulation ~ 0.1 to  0.5% rms) 
and the lase r was em itting  0.5 W. Figure 5.43 shows the OGE spectrum which 
was attenuated a t low frequencies due to  the feedback c ir c u i t  o f the cc 
power supply (El 183D). The current f lu c tu a tio n  caused by o p tica l amplitude 
modulation f e l l  ra p id ly  a t frequencies above 4 kHz and was no longer 
detectable above 10 kHz, in  good agreement w ith the 200 ys p re d ic tio n  by 
v ib ra tio n a l k in e tic s . The phase a t 8 kHz was delayed by -jt/ 2 rad re la t iv e  
to frequencies below 2 kHz which were o f the same phase ( r is in g  lase r power
>I
I
FREQUENCY (Hz)
Fig. 5,43 The e ffe c t o f ca v ity  length modulation frequency on the OGE 
discharge pertu rba tion  in  the CO lase r. The signal was transformer coupled 
and is  shown as the voltage across the 1:1 secondary. The discharge 
conditions were 20 mA w ith  a cc supply, 1.6 m cav ity  and a 30 to r r  gas 
m ixture (0.8  CO, 1.0 Xe, 5.5 Ng, 23 He) a t -  20 C.
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r is in g  vo ltage). No high frequency e ffe c ts  above 10 kHz could be found even 
by increasing the PZT drive  by a fa c to r o f 25. The response o f the PZT 
tube is  known to  extend above 20 kHz, the re fo re , i t  was concluded th a t no 
high frequency signals ^  50 kHz could be measured. This was consistent 
w ith  the COg analysis because the lower lase r re laxa tion  route analogous 
to  T^ has the same re laxa tion  rate in  the CO case as the upper lase r route 
(T y )  and, the re fo re , the two frequency band behaviour should not be 
observed (see Chapter 6 ). Some o f the low frequency signal decay 500 Hz 
to  3 kHz may not be due to the power supply feedback but could be k in e t ic  
in  o r ig in ;  th is  could be investiga ted  w ith  a more f le x ib le  power supply 
f a c i l i t y  which was not ava ilab le  a t the time th is  experiment was performed.
6 .0  HIGH FREQUENCY OPTOGALVANIC EFFECT IN COg LASER DISCHARGES
This section w i l l  describe the f i r s t  d ire c t experimental evidence o f 
the optogalvanic e ffe c t a t frequencies above 4 kHz in  COg lase r discharges 
and presents a de ta iled  k in e t ic  explanation fo r  two d is t in c t  process regimes 
fo r  the low pressure range, 5 to 30 to r r .  The low frequency signal regime, 
f  < 2 kHz is  due to  the e ffe c t so fa r  investiga ted  and the high frequency 
regime 5 to  100 kHz is  explained in  terms o f another k in e tic  pathway 
invo lv ing  the lower laser complex which relaxes a t a more rap id ra te . 
S ta b iliz a tio n  w ith  modulation frequencies in  th is  regime is  described and 
ce rta in  advantages inc lud ing  fa s te r  servo response times and improved 
signal to  noise ra t io  can occur.
The higher frequency e ffe c t is  sm aller in  amplitude and experim entally 
d i f f i c u l t  to  investiga te  due to  the lack o f simple modulation techniques 
in  th is  frequency band. Some p a r t ic u la r ly  small s ignals were also received 
above 100 kHz but could not be characterized by phase w ith  the equipment 
a va ila b le . This very high frequency e ffe c t is  not l ik e ly  to  be due to 
gas temperature changes or indeed any momentum exchange e ffe c t ,  but could 
be due to  the very small io n iza tio n  e ffe c t which is  normally swamped by 
the much la rg e r gas temperature e ffe c ts  a t lower frequencies.
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In order to  use a gas' temperature explanation fo r  the discharge 
perturbations some knowledge o f the propagating pressure wave in  the gas 
is  required. I t  is  necessary i n i t i a l l y  to  know th a t the ra d ia lly  
propagating changes o f density can take place s u f f ic ie n t ly  q u ick ly  fo r  
the re-establishm ent o f a new number density equ ilib rium  and temperature 
p ro f i le  during the modulation h a lf  cycle (see Chapter 7 .1 ). The s u f f ic ie n t  
time fo r  a new e q u ilib riu m  to  be established across the diameter
is  approximately
t^ in  ~ r/Vg ~ 0.5   (6 .1)
where r  is  the radius and Vg is  the speed o f sound. In th is  s itu a tio n  the 
gas b a lla s t pressure is  not necessarily  varying and the volume ra tio  used 
in  ca lcu la tin g  the size o f the e ffe c t is  reduced. I f  the maximum c r i t ic a l  
distance is  to  the most d is ta n t p a rt o f the system (re s e rv o ir ) , then the 
minimum time is  ~ 1 to  2 ms. Providing the reduced volume ra t io  is  
recognized, the gas temperature changes are allowed due to the ra d ia l 
propagation o f number density changes up to  rates o f ~ 200 kHz s u f f ic ie n t  
fo r  the bandwidth o f the observed high frequency e ffe c t .
The exact acoustic resonance frequencies are o f in te re s t because any 
such modes could re s u lt in  maxima o r minima o f the OGE spectrum. Fortunate ly, 
the modes are simply ca lcu la ted because o f the c y lin d r ic a l geometry which is  
w ell known in  acoustics (e .g . musical instruments).
The wave equation can be used to consider harmonic dependency w ith  
time and i t  may be w ritte n  in  terms o f the ve lo c ity  p o te n tia l $
$ ~ e^^^ ....................................... ... ............................(6 .2)
where w is  the angular frequency. For c y lin d r ic a l wavefronts and assuming 
a cy lin d e r which is  in f in i t e ly  long i t  is  necessary to  only consider waves 
w ith  ro ta tio n a l symmetry; two components o f $ are zero valued
V* = I ;  = 0  (6.3)
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Vz = H  = 0   (6 .4 )
and the wave equation can be s im p lif ie d  to
+ - ^  + k% = 0 . . .  ....................................... (6 .5 )
dr r  dr
which is  Bessel's equation to  the zeroth order. The so lu tio n  o f th is  equation 
is  w e ll presented in  standard t e x t s . T h e  so lu tion  gives modes determined 
by three mode numbers (Imn) and th e ir  frequencies are denoted The
Bessel co e ffic ie n ts  are simply evaluated by the theory o f c y lin d r ic a l 
functions and the main symmetrical ra d ia l mode which is  o f in te re s t here, 
f io o ' given by
f joo  = Cg   (6 . 6 )
2 tt 2 tt r
where 3.8317 is  the g^r product o f the f i r s t  Bessel c o e ff ic ie n t and the 
rad ius, and is  the speed o f sound in  the pas. Succeeding ra d ia l modes 
^ 2 0 0 ’ fgoo' Gtc. are simply re la ted  by etc.
The speed o f sound fo r  p a r t ic u la r  gas mixtures was not evaluated but
the He value is  known. (The lase r gas mixture is  ty p ic a lly  80% He). The
v e lo c ity  o f sound is  simply
(6.7)
where K is  s p e c if ic  heat, p is  the pressure and z the density. Hence, the 
v e lo c ity  o f sound (idea l gas) does not depend on pressure a t constant 
temperature since according to  Boyle's law the density is  d ire c t ly  
p roportional to pressure; the p/z  ra t io  is  there fore  constant. S t r ic t ly ,  
in  th is  app lica tio n , th is  may not be v a lid  but in so fa r as i t  is  only 
necessary to  id e n t ify  the approximate frequencies o f the lowest modes th is  
is  not important. The sound v e lo c ity  fo r  He at 300 K is  965 ms  ^ ( fo r  
COg = 259 ms~^, Ng = 334 ms"^) and a t 150^0 i t  is  1085 ms""\ using the 
lin e a r approximation. Hence,
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as simply shown in  equation (6 .1) and successive values occur
f^oo ~ 300 kHz, fgQQ -V 400 kHz, e tc , . . . . .  (6 .8)
Any minima due to  rad ia l standing acoustic waves should not occur below 
200 kHz, The c ru c ia l experimental minima is  a t ~ 2 kHz and ra d ia l acoustic 
standing waves cannot account fo r  th is .  The lowest lon g itud ina l standing 
wave resonance occurs a t ~ 1 kHz s u f f ic ie n t ly  close to the major OGE minimum. 
However, th is  minimum lo n g itu d in a l acoustic should not f a l l  to  zero because 
there is  s t i l l  a considerable ra d ia l b a lla s t volume (due to the small o p tica l 
mode f i l l i n g  fa c to r ~ 0.25) and only a considerable reduction o f signal 
could be predicted a t frequencies much higher than th is .  I .e .  20 kHz (see
section 7 .4 ). The optogalvanic minima a ttr ib u te d  to  k in e tic  e ffe c ts  a t
~ 2 kHz fa l ls  to < 2% o f the maximum s igna ls .
The acoustic system is ,  the re fo re , adequate to support number density 
changes up to 100 kHz w ith in  the ra d ia tin g  volume and some reduction o f 
the signal magnitude a t frequencies > 20 kHz is  predicted by the reduction 
o f b a lla s t volume fo r  rapid changes o f number density.
6.1 DETAILED MOLECULAR KINETIC THEORY OF HIGH FREQUENCY OPTOGALVANIC 
EFFECT IN COg LASER DISCHARGES
The k in e t ic  pertu rba tion  mechanism fo r  connecting the modulation o f the 
lase r ca v ity  length (a t frequency f )  w ith  the resu ltan t discharge current 
(o r voltage o r both) flu c tu a tio n  has been described q u a lita t iv e ly  in 
Chapters 2 and 4.1; the q u a n tita tive  theory w i l l  be presented in  the next 
chapter. The e ffe c t so fa r  described is  summarized in  the upper p a rt o f 
Figure 6.11. The ra d ia tiv e ly  stim ulated tra n s itio n s  (shown as hv laser) 
from the 00^1 upper laser leve l compete d ire c t ly  w ith  the otherwise dominant 
V-V-T re laxa tion  process
COg (00“ l )  + M ^  COg (n.m°,o) + M + T„
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where M represents a l l  the possible c o ll is io n  partners COg, CO, Og, Ng, He,
Xe and m ino rity  species. The energy fa c to r  Ty represents the surplus energy 
given by the exothermic process to  tra n s la tio n a l energy ( i .e .  the sum 
k in e t ic  energy o f a l l  the molecules).
Both de-exc ita tion  processes, leading to  e ith e r  o r Ty energy
loss, tra n s fe r the COg excited population to  a c lose ly  coupled group o f 
leve ls  which have been lab e lled  010 in  Figure 6.11 fo r  convenience. This 
population (010) ra p id ly  relaxes by c o ll is io n a l processes to  the ground 
s ta te  g iv ing  up a l l  o f the v ib ra tio n a l energy as tra n s la tio n a l energy 
(shown as Ty in  6.11). I t  is  im portant to  notice and d is tin g u ish  these 
two routes o f energy exchange.
The le f t  hand side o f the lower p a rt o f Figure 6.11 shows the 
s im p lif ie d  explanation o f the conventional low frequency e ffe c t which was 
introduced in  Chapter 4.0. When the lase r f ie ld  in te n s ity  increases ( fo r  
a quas i-equ ilib rium  change o r small ac pertu rba tion ) by improved alignment 
o r ca v ity  length modulation a t frequency f  (d r iv in g  the ca v ity  mode towards 
a laser l in e  centre), Ty w i l l  decrease because more 00^1 population is  
removed by hv laser photon induced tra n s it io n s . To summarize, there are 
re la t iv e ly  fewer V-V-T c o ll is io n a l re laxa tions and Ty decreases. The energy 
exchange via Ty is  unaltered because a l l  the population s t i l l  flows through 
the 010 group and the to ta l pump ra te  to  the 00°1 leve l is  constant fo r  both 
halves o f the modulation cycle . Consequently, there is  a net decrease in  
the tra n s fe r o f energy to the gas (Ty decreased, Ty unaltered a t the 
modulation frequency f  when the lase r f ie ld  is  increasing; the loca lized  
number density in  the ra d ia tin g  volume is  increased and the discharge 
impedance increases. The curren t is  subsequently modulated a t frequency f  
out o f phase ( it radians) w ith  the ra d ia tio n  f ie ld  and decreases fo r  cc 
e x c ita tio n ; the curren t is  in  phase w ith  the amplitude modulation o f the 
ra d ia tio n  f ie ld  fo r  cc operation.
The r o l l - o f f  o f the OGE in  the 1 to  2 kHz region can be explained in  
terms o f the upper sta te  V-V-T re laxa tion  process ra te . For the gas mixtures
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Fig. 6.11 S im p lifie d  energy leve l diagram (upper) fo r  the COg laser and the 
OGE process diagram (lower) in  two modulation process regimes.
(1 ) UPPER LASER LEVEL 00°1
OPERATING GAS FILL 2 Xe + 2 CO + 3 CO^  + 5 Ng + 16 He ( to r r )  
(a ) Tggj = 37.3 f  (EMPIRICAL SHIELDS AND SMITH)
= 37.3 X ^  + 278
(b) DEACTIVATION CONSTANTS FOR 00” l LEVEL 
"Xe ■ ‘^ CO 240; = 340.kv- = 30; kffi = 240; k^p, = 340; kj^  ^ = 130;
— 1  ^I .
He = "= 85 (s " to rr  " ) ,  k^ ^ = 3 .3  x 10
(SOURCES, MOORE ET AL, CHEO, TAYLOR ET AL, AND OTHERS) 
m ultip ly ing by p a r t ia l pressure o f constituents  
60 + 480 + 1020 + 650 + 1370 = 3580 
(c ) LIFETIME TgQOj " 3530 ~
(2 ) L01ÆR LASER LEVEL COMPLEX 01°0
OPERATING GAS FILL 2 Xe + 2 CO + 3 COg + 5 Ng + 16 He ( to r r )
(a ) T g ,, = 340 K
(b) DEACTIVATION RATES FOR 01°0 LEVEL
X^e
"He
= 44; kj.Q = 400; k,CO. = 200; k|^  = 4;
- i ,= 4000 (5  to r r  ) ,  k|^ ^Q = 10 ' to  10°
86 + 8000 + 600 + 2000 + 64000 = 75000
(c ) l if e t im e  ToiOg -  TsJgjy = 13 us
Fig. 6.12 C alculation o f COg la se r leve l life tim e s .
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used here i t  is  a simple matter to  ca lcu la te  the re laxa tion  time o f the 
00°1 leve l by c o ll is io n a l de -exc ita tion  (see Figure 6,12). For a mixture 
o f 3 to r r  COg, 4 to r r  Ng, 1 to r r  Xe and 18 to r r  He and assuming 30% COg 
d isso c ia tio n , and ra te  constants fo r  a gas temperature o f 370 K the 00°1 
re laxa tion  ra te  is  predicted to be -v 3100 s”  ^ g iv ing  a re laxa tion  time 
to o l GGsinst c o ll is io n a l re laxa tion  o f 'V' 300 ys. Therefore, as the ca v ity  
length modulation frequency is  increased the 00^1 population flu c tu a tio n s  
a t f  should reduce as f  ^  1/2 Toqi or f  ~ 1650 Hz as has been previously 
observed here (see Chapter 4) and by o t h e r s . T h u s  the f  frequency 
modulation component o f energy tra n s fe r to  molecular tra n s la tio n a l motion 
(T ^ ( f) )  also becomes small and the number density, discharge impedance and 
curren t flu c tu a tio n s  a t frequency f  are reduced.
However, i f  f  ^  1/2 Tj^  acquires a modulated component a t
frequency f .  Although the laser f ie ld  stim ulated tra n s itio n s  001 010
are s t i l l  modulated a t frequency f ,  due to  the f ie ld  amplitude modulation, 
the f  modulation o f the V-V-T 001 010 tra n s it io n  is  less (-  ^ 0 as
f  >> 1/2 and hence the a rr iv a l ra te  o f 010 population is  not the same
fo r  the two halves o f the f  modulation cycle and the 010 population flu c tu a te s  
modulating Tj^. Or to  express i t  in  another manner, when the modulation 
frequency is  low, each h a lf o f the modulation cycle f  represents a k in e t ic  
eq u ilib riu m  s ta te  (constant pumping and e q u ilib ra te d  re laxa tion  process), 
but w ith  the increase in  f  the V-V-T process is  too slow to  re -es ta b lish  
and maintain an equ ilib rium  over the cycle period. So as seen on the r ig h t  
hand side o f the lower p a rt o f Figure 6.11, as the laser f ie ld  changes so 
although Ty remains unaltered, now T|^  increases as the f ie ld  increases, 
leading to  a number density decrease and hence a current increase. Thus 
the curren t response is  now (high f )  in  phase w ith  the ca v ity  length 
modulation.
As the ca v ity  length modulation frequency increases to  become 
comparable w ith  1/2 so T y(f) decreases and T ^ (f)  acquires a non-zero 
value, re su ltin g  in  an optogalvanic signal phase change. But T ^ (f)  w i l l
1 2 6
in  tu rn  decrease as f  1/2 where t is  the V-T c o ll is io n a l
0 1 0  o io
re laxa tion  ra te  o f the 010 group, which fo r  th is  gas m ixture was ca lcu la ted 
to be 'v 13 ys, hence when f  40 kHz.
6.2 HIGH FREQUENCY DETECTION OF OGE SIGNALS
50 49Some early  reports by Gower and Carswell and Aoki showed some high
frequency current o s c illa tio n s  in  low pressure absorbing/am plify ing COg
43discharges undergoing pulsed o p tica l pe rtu rba tions; Kindi hypothesized 
th a t a t le a s t two time constants would be necessary to  f u l ly  describe the 
low frequency chopped cw OGE s ig n a l. Measurement o f the e ffe c t above 2 
to  4 kHz was not achieved u n t i l  th is  work and th is  was probably la rg e ly  due 
to  the fo llow ing  reasons:
1. Pulse response re laxa tion  is  d i f f i c u l t  
to  in te rp re t.
2. In tra c a v ity  chopping a t rates above 
~ 500 Hz is  p h ys ica lly  d i f f i c u l t .
3. Large amplitude perturbations a t higher 
frequencies lead to  lase r Q sw itch ing.
The general scheme adopted here fo r  high frequency detection in  
o s c illa to rs  was to  use small amplitude (-v 1 to  5%) modulation which produces 
small optogalvanic e ffe c ts  m aintaining a quas i-equ ilib rium  s ta te  o f the 
lase r populations and discharge. Some pulsed inve s tig a tio n  was attempted 
and Figure 6.21 shows the e ffe c t on an o s c il la to r  discharge caused by 
applying an am plified  pulse to the PZT (slew rate 1 V/800 ns) (from a Farnell 
double pulse generator w ith  100 W class B valve a m p lif ie r ) .  The slow 
nonlinear voltage ramp a t the r ig h t  hand side o f the trace shows the 
optogalvanic signature being recorded a t a ra te  ~ 500 Hz as shown in  
Figure 4.13. Several tu rn ing  po in ts in  the current corresponding to  laser 
power maxima -and minima are v is ib le .  During the rapid decreasing ramp in  
PZT voltage ( le f t  side o f photograph) the signature is  again demonstrated 
a t a ra te  o f > 8 kHz (T 100 ys) fo r  th irte e n  tuning po in ts in  2 ms.
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Fig. 6.21 Upper trace shows the optogalvanic signal from a series 10 kü 
re s is to r  fo r  the compact laser w ith  0.5 V/major d iv is io n  fo r  a 10 mA constant 
curren t e x c ita tio n . The time axis (h o rizo n ta l) was 2 ms/major d iv is io n  and 
the lower trace shows the voltage applied to the PZT w ith  200 V/major d iv is io n . 
A Farne ll dual pulse generator feeding a 50 o load in to  a Mullard 100 W class B 
valve a m p lif ie r  in to  100 load was used to  drive  the Lansing PZT. The output 
power changes were monitored w ith  a p y ro e le c tr ic  detector and were 28%.
F ig . 6.22 Spectrum o f laser discharge noise (white) and OGE signal (grey) up 
to 100 kHz (10 kHz/major d iv is io n ) . The v e rtica l scale is  loga rithm ic  10 dB/ 
major d iv is io n  and the zero frequency marker is  c le a r ly  shown a t the le f t .
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There is  a d d itio n a lly  a delay ~ 0.6 ms a fte r  the PZT voltage ramp commences 
before the high frequency signature begins. The amplitude is  sm aller than 
the slow ramp case by a fa c to r  o f 2 :1 . The signal to noise ra t io  is  high 
in  th is  experiment (see ex trem ities  o f OGE trace) because the perturbations 
are whole signatures (~ 30% amplitude) and because optimum discharge current 
has been chosen.
Another good demonstration o f the high frequency signals was achieved 
by modulating the laser w ith  a 10 Hz square wave applied to the PZT w ith  an 
amplitude o f ~ 50 V. Because the harmonic s tructu re  o f the re su ltin g  high 
modulation is  r ich  in  harmonics (p a r t ic u la r ly  odd) and because the slope* 
o f the laser lin e  p ro f i le  is  non-linea r (nearly parabolic) a whole OGE 
spectrum can be observed in  real time (Figure 6.22), The white envelope 
is  the discharge and modulation e le c tr ic a l current noise taken w ith  the 
beam o f f  and the darker envelope is  the curren t signal w ith  the beam on. The 
low frequency e ffe c t ~ 1 kHz can e a s ily  be seen in  the le f t  hand side major 
d iv is io n  near the zero marker. The signal from 2 kHz to  ~ 8 kHz is  lo s t  in  
the noise and then increases to  reach a maximum at ~ 20 kHz. Because the 
modulation harmonics are reducing w ith  frequency the high frequency pass 
band is  se le c tiv e ly  attenuated a t higher frequencies. However, the signal 
is  s t i l l  la rg e r than the noise up to  ~ 94 kHz. This p a r t ic u la r  PZT has a 
strong resonance a t ~ 12 kHz shown by the response peak. This gives 
p re lim inary evidence o f improved signal to noise in  the high frequency band 
and the p o s s ib i l i ty  o f using PZT resonances fo r  modulation w ith  lower power 
a m p lifie rs .
The de ta iled  inve s tig a tio n  o f the high frequency e ffe c t was achieved by 
using small ac perturbations o f the ca v ity  length which was i n i t i a l l y  
adjusted by se ttin g  the dc bias voltage on the PSD so th a t the cav ity  mode 
was a t the maximum slope o f a signature segment. The best exact se ttin g  
was found to  be midway between the power minimum in te rse c tio n  o f two 
tra n s itio n s  and the peak o f a high gain tra n s it io n  such as 10P(20). This 
length p o s itio n  allows the maximum amplitude modulation w ithou t in te rse c tin g
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the maximum or minimum p o in t. Cc and cv supplies were used and the 
v a r ia tio n  o f tube voltage and cu rren t monitored w ith  a spectrum analyzer, 
storage oscilloscope and PSD. The cc supply permits less current flu c tu a tio n  
below frequencies o f 400 Hz and consequently lower voltage flu c tu a tio n s  
re s u lt due to  the reduced gas a m p lifica tio n  fa c to r. A d d it io n a lly , 
instrumental phase changes o f low frequency curren t pertu rba tions occurred 
due to  both power supply feedback lim ita t io n s  and anomalous phase changes 
caused by PZT dc leve l s h if t in g  w ith  increasing frequency (modulation second 
harmonic d is to r t io n ) .  This produces predominantly 2 f s ignals close to  lin e  
centre and lin e  changing length values. These e ffe c ts  when coupled together
1 n r
re s u lt in  a broad OVE resonance a t 'x, 600 Hz as observed by Scholtz who 
has designed a c i r c u i t  to  lin e a r iz e  the output s igna l. However, by systematic 
inve s tig a tio n  using several lasers and PZT trans la to rs  w ith  d if fe re n t known 
resonances only one s ig n if ic a n t phase change was observed a t ~ 2 kHz 
co incident w ith  the signal minimum.
Figure 6.23 shows the OGE signal fo r  cv e xc ita tio n  ( i . e .  cu rren t 
pertu rba tion  A i / i )  which is  opposite in  phase to the ra d ia tio n  f ie ld  a t 
low frequencies, but s te a d ily  decreasing in  amplitude as the frequency 
increases and reaches a near zero minimum a t 2 to 3 kHz fo r  the p a rtic u la r  
m ixture, cu rren t, e tc, shown. The cu rren t f lu c tu a tio n  also occurs a t higher 
frequencies, but w ith  reversed phase ( i .e .  in  phase w ith  the ra d ia tio n  
modulation). A maximum amplitude is  reached in  the 10 to  20 kHz region 
before the signal decreases and disappears a t ~ 100 kHz, The behaviour 
near the crossover suggests subsid iary maxima and minima. The separate 
phase curve shows how the phase reversal extends from ~ 1 to  3 kHz.
This behaviour is  in  good agreement w ith  the 1/2 low frequency 
decay a t 1.5 kHz and the 1/2 high frequency decay a t 40 kHz, The 
predicted phase reversal occurs as predicted in  6.1 and a low frequency 
e ffe c t delay o f 0.6 ms has been measured which corre la tes w ell w ith  the 
time fo r  the c o ll is io n a l re laxa tion  from 001, i . e .  the communication time 
fo r  00°1 population f lu c tu a tio n  to  a ffe c t the gas tra n s la tio n a l temperature.
Opto-galvanic Phase
180“
X 10 160'
140'
120 “
rr-n 100'Discharge Noise
-10
" Opto-gaivanlc Amplitude-15
F ig . 6.23 V aria tion  o f OGE signal A i / i  and OGE phase w ith  length (100 nm) 
modulation frequency fo r  the COg laser w ith  cv e x c ita tio n . The dashed lines  
show the envelope o f the amplitude o f the power supply harmonics noise 
induced current flu c tu a tio n s  A i / i  fo r  a typ ica l commercial power supply, as 
measured w ith  a HP 3580A audio frequency spectrum analyzer.
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Fig . 6.24 OGE minimum frequency ( f )  represented as x = l / 2 f  compared w ith  
ca lcu la ted time constant fo r  00°1 re laxa tion  ra te  w ith  va ria tio n  o f the to ta l 
pressure change o f the am plify ing discharge. The experimental re su lts  are 
shown as ( • ) .  The H^ O free  ca lcu la tion  is  shown as a s o lid  lin e  and w ith  
0.05 to r r  HgO is  shown as a dashed,line. The gas composition is  the same 
as in  Fig. 6.12.
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The va ria tio n  o f the OGE signal n u ll and high frequency decay w ith  
operating pressures and current were investigated. No strong dependence o f 
the low frequency decay 2 kHz) on current was observed but a small s h i f t  
towards a lower frequency phase turnover a t high curren t o f > 20 mA was 
found. The e ffe c t was ^  400 Hz fo r  a 10 mA increase and i t  could be due 
to  the increased CO content due to the increased eq u ilib riu m  p a r t ia l 
pressure; the CO de-exc ita tion  ra te  fo r  00°1 is  high 'x, 240 s~^. A d d it io n a lly , 
the increased P/L re su lts  in  increased gas heating and because a l l  o f the 
rates are temperature dependent, the level l ife t im e  w i l l  vary in  a complicated 
manner.
However, to ta l pressure increase d id re s u lt in  a large increase o f 
n u ll frequency corresponding to  an increased de -exc ita tion  ra te . Figure 6.24 
shows how the n u ll time constant ( l / 2 f )  s h if ts  close to  the value predicted 
w ith  no HgO o r Hg content. The experiment was repeated w ith  a heated 
palladium tube to  reduce Hg p a r t ia l pressure and no change in  the n u ll 
time constant was observed. This suggests th a t the residual HgO content in  
these lasers is  low ( «  o . l  to r r ) .  No increase o f the high frequency r o l l - o f f  
(80 kHz) could be observed w ith  increased pressure, but w ith  reduction o f 
laser pressure to  10 to r r  some s h i f t  to low frequencies was observed.
The high frequency plasma o s c il la t io n  seen by Gower and Carswell 
(discussed in  2.3) corresponds w ell in  frequency to  the peak o f the high 
frequency e ffe c t .  The resonant nature o f th is  bandpass function  may give 
r is e  to  ring ing  a t 50 kHz when strong impulsive (TEA pulse) e x c ita tio n  
occurs. S im ila r ly , in  the low frequency passband when ce rta in  e xc ita tio n  
conditions e x is t (see Figure 4.15 and Scholtz and S ch iffne r^^^) a peaked 
response may occur. This ring in g  behaviour was not observed in  these 
experiments; i t  may only be apparent w ith  very intense pulses.
6 .3  ACTIVE STABILIZATIO N OF COp LASERS BY HIGH FREQUENCY OGE STABILIZATIO N
The lasers and e le c tro n ic  feedback systems used fo r  high frequency 
s ta b iliz a t io n  are as previously described fo r  low frequency s ta b il iz a t io n ,
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except th a t the PZT Is  driven v ia  a capac ita tive  mixer from a low impedance 
ac source capable o f supplying high voltages and a lower impedance dc source 
fo r  ca v ity  co rrection . The modified c i r c u i t  is  shown in  Figure 6.31. In 
some cases tw in PZT's were used so th a t iso la tio n  o f the ac d ith e r from 
the dc co rrection  signal was achieved.
The improvement o f amplitude s ta b i l i t y ,  which fo r  a passive ca v ity  
d r i f t s  ~ 10 to 20% per hour, is  evident in  Figure 6.32. A high modulation 
frequency o f 14.6 kHz was used and w ith  su itab le  feedback gain in te n s ity  
flu c tu a tio n s  were reduced to ^  0.3% fo r  10P(20) lin e  centre s ta b iliz a t io n . 
The ac p re am p lifie r was set to  have a low frequency r o l l - o f f  a t ~ 8 kHz 
to  reduce the large noise fra c tio n  contributed in  the low frequency band 
and servo response times o f between 50 and 100 ms were achieved, consistent 
w ith  a ' t ig h t  lock ' p rovid ing < 0.5% in te n s ity  j i t t e r .  The long term 
s ta b i l i t y  remains as in  the low frequency case and ^  0.3% s ta b i l i t y  was 
observed over 8 to  10 hour periods. O ffse t locking w ith  deviations up to  
± 15 MHz was used and th is  produced l i t t l e  noticeable degradation o f 
in te n s ity  s ta b i l i t y .
Frequency s ta b i l i t y  was assessed in  d e ta il by beating two independently 
s ta b iliz e d  lasers together, in  some cases one or both lasers were s ta b iliz e d  
o f f  l in e  centre by o ffs e tt in g  the PSD operating p o in t w ith  a known ac inpu t 
signal a t the reference frequency. Over long periods (up to  4 hours) the 
frequency d r i f t  was less than 50 kHz (compared w ith  greater than 20 MHz 
unstab ilized ) and the frequency re s e t ta b il i ty  (a fte r  the feedback loop had 
been opened) was always b e tte r  than 100 kHz.
A t a l l  times low frequency j i t t e r  o f 100 to 400 kHz appeared due 
p r im a r ily  to  the power supply r ip p le  o f 1 to  5 V rms which consequently 
perturbed the o p tica l ca v ity  length by modulating the discharge re fra c tiv e  
index w ith  the predominantly 100 Hz r ip p le . This can be avoided along w ith  
reduced water v ib ra tio n  broadening by the techniques discussed in  Chapter 4.
The higher modulation reference frequencies used re s u lt in  the 
c a p a b ility  o f fa s te r c o lle c tio n  o f e rro r  data and fa s te r length co rrec tio n .
1kR
C3C 27 V
HV dc
hf ac
Fig. 6.31 Modified modulation c i r c u i t  fo r  high frequency modulation (up to 
100 kHz).
ACTIVE
STABILIZATION 
OFF ►ON
INCURKuiU)<
P(20) 10.6 Mm7
F ig . 6.32 Comparison o f COg laser s ing le  mode power w ith  high frequency OGE 
a c tive  s ta b iliz a t io n  w ith  passive s ta b iliz a t io n  on ly, fo r  a compact sealed 
lase r.
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The dc d rive  to  the PZT (0 to  ~ 1 kV) used fo r  ca v ity  co rrection  requires a 
high slew rate in to  the capacitive  element; the Burleigh PZ81 (see 3.2) 
has a good sp e c ifica tio n  in  th is  respect but e ith e r a su ita b le  matching 
c i r c u i t  o f fa s te r d rive  c a p a b ility  w i l l  be required to improve the servo 
response beyond 50 to  100 ms. A d d it io n a lly , a minimum amount o f post 
de tector in te g ra tio n  is  required fo r  a given PSD and use o f more lin e a r 
lower noise (perhaps d ig ita l)  PSD's may provide considerable improvement.
The low frequency s ta b i l i t y  could not achieve much useful s ta b iliz a t io n  
below 1 s and the fa s te s t useful response w ith  the high frequency system 
was 50 ms. The tab le  shown in  Figure 6.33 shows the 30 s frequency j i t t e r  
w idth fo r  various l im it in g  time constants fo r  the system and a comparison 
w ith  the low frequency case is  given.
By constructing systems w ith  1 to 2 orders o f magnitude improvement 
which c r i t i c a l l y  damped time constants o f 1 to 10 ms, co rrec tion  o f 
the laser frequency j i t t e r  due to  the power supply r ip p le  and water v ib ra tio n  
should be possib le. A d d it io n a lly , reduction o f acoustic in te rfe rence  in  
the audio frequency band (up to 100 to 1000 Hz) w i l l  be achieved. This 
improvement w i l l  depend on fa s te r  e le c tro n ic  d rive  fo r  ac modulation and dc 
co rrection  and perhaps improved PSD sp e c ifica tio n  (dynamic range). 
Increas ing ly , lasers are being used not only in  o p tica l labo ra to ries  but in  
less co n tro lle d  environments and re je c tio n  o f v ib ra tio n  and acoustic 
in te rfe rence  is  necessary. Even commercial a n tiv ib ra tio n  surfaces perm it 
substan tia l v ib ra tio n  a t low frequencies (up to  100 Hz) which cannot be 
corrected w ith  most s ta b iliz a t io n  systems (time constant ^  1 s ). This high 
frequency OGE s ta b iliz a t io n  method can s a tis fy  the requirements o f fa s t 
e rro r  co rrection  and has an inhe ren tly  low su sce p ta b ility  to  microphony due 
to  the d is tr ib u te d  discharge detector.
7.0 THEORY: DISCHARGE POWER PERTURBATIONS
This chapter presents a simple optogalvanic pertu rba tion  model o f COg 
lase r discharges w ith  considerable p red ica tive  power th a t shows how the
LF OGE 1 s 620 kHz
HF OGE 1 s 740 kHz
300 ms 780 kHz
100 ms 1.6 MHz
50 ms 2.1 MHz
30 ms 5,3 MHz
10 ms NO LOCK
Fig. 6.33 The 30 s frequency j i t t e r  widths fo r  the high frequency
s ta b iliz e d  compact laser fo r  various feedback loop time constants ( i^ ) .  The 
ac and dc gain has been optimized in  each case. The lase r was s ta b iliz e d  to  
10P(20) lin e  centre and the output power was ~ 8 W. A low frequency OGE j i t t e r  
width is  shown fo r  comparison; the modulation d e ta ils  are as described fo r  
F ig. 6.32.
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Fig. 7.11 Radial temperature p ro f i le  o f the laser discharge. The mean 
discharge temperature t^ -^  is  reduced to  ty^^ ' (by k in e t ic  cooling) when
the ra d ia tio n  f ie ld  is  switched on.
132
optogalvanic e ffe c t in  a CO^  lase r discharge depends on inpu t e x c ita tio n , 
gas pressure, composition and temperature; the comparison o f the pred ic tions 
w ith  experiments w i l l  be presented in  Chapter 8. In Chapter 2 a b r ie f  
descrip tion  o f the gas temperature explanation was given as extant from
CO C O A rithe work o f Brooks, Smith and Brooks and o r ig in a lly  Rigden and M oeller.
In Chapter 4 a more de ta iled  k in e t ic  descrip tion  was presented in  order to  
explain the so lu tion  o f the s ta b iliz a t io n  problem by p o s it iv e  column 
optogalvanism. I t  is  the purpose o f th is  whole chapter to  provide, fo r  the 
f i r s t  tim e, a precise q u a n tita tiv e  temperature pertu rba tion  model, and the 
f i r s t  section (7,1) describes some o f the features o f the physical system 
and some s im p lif ic a tio n s . Subsequently in  7.4 a discussion o f the 
lim ita t io n s  imposed by these s im p lif ic a tio n s  and other considerations w i l l  
be given.
7.1 SUMMARY OF THE COp LASER KINETICS
The COg asymmetric s tre tch  mode is  pumped by resonant Ng, CO and COg
V“ V tra n s fe r and by d ire c t e lectron  impact. In a lase r discharge normal
re laxa tion  fo r  th is  mode population is  dominated by V-V-T exothermic 
processes
COgCOO^ T) + M - C02,(n,m,o) + M + T
which re s u lt in gas heating due to  the tra n s la tio n a l (k in e t ic )  component T;
here M represents a l l  possib le  c o ll is io n  partners CO ,^ CO, Ng, He, Xe and T 
is  the excess k in e t ic  energy supplied to the gas. Stimulated emission from 
the discharged volume removes energy d ire c t ly  from the asymmetric s tre tch  
system (see Figure 6.11) and reduces the number o f V-V-T tra n s itio n s  
supplying k in e t ic  energy to the gas (k in e t ic  coo ling). The change in 
tra n s la tio n a l energy (and the re su lta n t modified temperature p ro f i le )  is  
simply re la ted  to  the e le c tr ic a l inpu t power via the pertu rba tion  in  the 
number density (due to k in e t ic  cooling) o f e lectron c o ll is io n  partners.
Figure 7.11 shows the form o f the ra d ia l temperature p ro f i le  which is
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approximately parabo lic^^^ ’ ^^^ w ith  some typ ica l values fo r  a low pressure 
lase r discharge. The ax ia l temperature ( t^ )  is  maximum and the w all 
temperature is  fixe d  by the coolant. The mean d iffe rence  o f these
temperatures, t^^^ varies with, any change a f tra n s la tio n a l (k in e t ic )  energy.
Assume i n i t i a l l y  a very simple (sealed) system where a discharged 
volume is  to ta l ly  ra d ia tin g  stim ulated photons (see Figure 7 .12 (a )). The 
emerging f lu x  o f energy re su lts  in  a k in e t ic  cooling o f the gas which, 
because the number o f molecules and the volume are constant (N per cc), 
causes a reduction in pressure. For cc e xc ita tio n  the voltage w i l l  not r
change w ith  a ra d ia tio n  change to the f i r s t  order and there w i l l  be no thermal 
optogalvanic e ffe c t because the number o f c o ll is io n  partners w i l l  remain 
the same. There may, o f course, be a sm aller e ffe c t because the change in 
momentum o f the molecules can a lte r  the energy exchanged by e lectron 
col l is io n s .
A fu rth e r degree o f complexity is  shown in  Figure 7 .12(b). The 
cross-section o f the discharge again has a uniform current density (A) but 
only a p a rt is  ra d ia tin g  w ith  a uniform beam irrad iance (B). The volume B 
w i l l  have a reduced number density and the remaining volume w i l l  have a 
su ita b ly  increased number density as B s ta rts  to rad ia te  ( in  order to  
conserve the number o f p a r t ic le s ) .  The re s u lt w i l l  be no optogalvanic e ffe c t 
as in  the previous case because the average number density o f c o ll is io n  
partners over the area is  constant. The momentum exchange e ffe c t w i l l  be 
reduced.
Another increase in  complexity is  demonstrated in  Figure 7.12(c) where 
only a p a rt o f the to ta l volume (D) is  un iform ly discharged (C) and a l l  o f 
th a t volume is  ra d ia tin g . The consequence o f th is  s truc tu re  is  a large 
optogalvanic e ffe c t because the number density change o f c o ll is io n  partners 
is  maximized, however, the precise amplitude w i l l  depend on the ra t io  C/D, 
i . e .  the active  to  dead volume ra tio s . The experimental apparatus used 
here has (due to  the gas re se rvo ir) a D:C volume ra t io  o f > 30 and the 
b a lla s t volume D can i n i t i a l l y  be considered to  be in f in i t e .  The most 
physical descrip tion  o f the laser o s c illa to rs  requires a fu r th e r  degree o f
(a) F u lly  and un iform ly discharged and ra d ia tin g  volume AN = 0, 
no optogalvanic e ffe c t
(b) F u lly  and uniform ly discharged volume (A) p a r t ia l ly  ra d ia tin g  
(B) aN  ^ and ANg /  0 but AN^^ ~ 0, no optogalvanic e ffe c ts
(c) Coincident p a r t ia l uniform discharge and ra d ia tin g  volume (C) 
ANg /  0, large optogalvanic e ffe c ts
(d) P a rtia l uniform discharge (F) which is  p a r t ia l ly  f i l l e d  w ith
uniform ra d ia tin g  f ie ld  (E) ANp /  0, large optogalvanic e ffe c ts  
reduced by fa c to r E-F/G.
F ig . 7.12 Simple diagramatic representation o f the physical geometry o f the 
lase r a m p lifie rs  w h ils t ra d ia tin g .
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com plexity; pa rt o f the to ta l volume (G) is  uniform ly discharged (F) and only 
p a rt o f th is  (E) is  uniform ly ra d ia tin g . The loca l number density (E) 
increases w ith  ra d ia tio n  but the remaining (F-E) discharge number density 
decreases only-by a fa c to r (F-E/G). Hence, the cross-section averaged 
number density change is  p roportiona l to  E-(F/G) which re su lts  in  a small 
OGE dependent on the ra t io  o f the volumes E, F and G.
P ra c tic a lly , i t  is  not possible to  assume th a t the beam is  ra d ia tin g  
from the to ta l discharge volume because the TEM^  ^ mode has a form which 
re su lts  in  the m a jo rity  (~ 90%) o f the photon f lu x  emanating from the 1/e 
beam radius volume and the tube is  designed ( fo r  op tica l reasons) to  have 
an aperture o f 1.5 times the 1/e beam diameter (see Figure 3.115). This 
co rrection  is  simply made by assuming the p a r t ia l ly  discharged volume is  
p a r t ia l ly  ra d ia tin g  and the assumption o f uniform ir ra d ia t io n  and discharge 
can s t i l l  be^made by tak ing average values o f current density , number 
density , temperature and beam irrad iance  as shown in Figure 7 .11(b).
O p tica lly  induced m odifica tions o f tra n s la tio n a l energy (temperature) 
which re s u lt in number density changes can be averaged out in  th is  way only 
because the changes are q u as i-equ ilib rium , i .e .  th is  analysis would not be 
v a lid  fo r  pulsed systems. I f  the tra n s la tio n a l energy is  reduced (sa y), 
then the loca l ir ra d ia te d  number density increases (iso b a ric  k in e t ic  cooling) 
and consequently the e lectron c o ll is io n  frequency increases because the 
number o f possible e lectron c o ll is io n  partners increases. C o llis io n s  w ith  
neutra ls is  the major e lectron  energy loss process in  a weakly ionized 
molecular discharge and, the re fo re , as the number o f c o llis io n s  increases 
the e le c tr ic a l input power increases ( fo r  cc e x c ita tio n ).
7.2 POWER PERTURBATION THEORY FOR COq LASER OSCILLATORS
Consider one e lectron in  the p o s itive  column o f a CO^  lase r discharge 
The energy gained by the e lectron per second E  ^ due to  the acce le ra ting  
e le c t r ic  f ie ld  E is
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Eg = E e Vj . .  ................................................................ (7.1)
where e is  the e le c tro n ic  charge and is  the e lectron d r i f t  v e lo c ity .
For an e lectron  density o f n^ electrons per cc the energy gained per second 
per u n it  volume o f discharge is
e;  = E e ........................................ ....................... (7 .2)
The p o s it iv e  column curren t density j  is  given by
j  = e Hg Vj ...........................................    (7.3)
and hence from (7.2) and (7,3) the gained e lectron power density is
Eg = E j  (W cm'3)    (7.4)
Now consider the energy lo s t by a s ing le  e lectron ; th is  w i l l  be proportional 
to  the number o f c o llis io n s  n^^^^ and the energy lo s t per c o ll is io n  
The energy lo s t  per second is ,  the re fo re , given by
El '  " c o l l  Ecoll .....................................................   • • (7-5)
However, fo r  an e lectron  density o f n^ the energy lo s t  per cc by the electrons 
due to  c o ll is io n  w ith  neutra l partners is
El = "e " c o l l  Ecoll .......................................................... (7-G)
C o llis io n  w ith  molecules is  the dominant energy loss process fo r  
e lectrons and assuming th a t the energy loss per c o ll is io n  is  constant (a 
reasonable approximation see Smith and Brooks ) then any change o f e lectron 
energy loss is  p r im a rily  due to  a change in  the number o f c o llis io n s  which 
occur. The number o f c o llis io n s  is  d ire c t ly  proportional to the number 
density  o f a l l  the possible c o ll is io n  partners (n) fo r  a simple two body 
process. Hence
AE‘ An
- f -  = —   (7.7)
El
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where An/n is  the fra c tio n a l number density change. This e q u a lity  requires 
th a t both n^ and remain constant and the to ta l number o f gas molecules
is  constant during the pertu rba tion  (molecular number density is  conserved 
in  a sealed la s e r). For a cw molecular discharge the e lectron  energy gained 
due to  the acce le ra ting  e le c t r ic  f ie ld  equals the energy lo s t by c o ll is io n s . 
Hence, in  fra c tio n a l terms
AE a E^  An
= —  = —  ........................................................ (7 .8)
The gas pressure (p) is  re la ted to number density n by
p = ^  n m v^ ...................................................................  (7 .9)
Hence, the number density in  terms o f mean molecular tra n s la tio n a l energy 
(T) is
n = %  = ^   (7.10)
mv  ^ 2T
The to ta l number change dn, by d if fe re n t ia t io n  is
dp 8n
y aT  ....................................  (7.11)P
I f  the non-irrad ia ted  volume is  large compared to the ra d ia tin g  volume then 
the pressure remains approximately constant and dp = 0. The f i r s t  term o f 
(7.11) is  n e g lig ib le  compared to the second term. Hence, the isob a ric  
approximation is  v a lid
dn = dT = - ^  dT  ........................  (7.12)
2T
For a small f in i t e  number density pertu rba tion  An in  fra c tio n a l terms
^  .................................................................... (7.13)
where T is  the mean tra n s la tio n a l energy o f each molecule in  the gas and 
AT is  the change brought about by a number density change An.
Now when the COg lase r f ie ld  is  switched on by appropriate ca v ity
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alignment a beam irrad iance I (W cm"^} is  set up. An energy creation  and
loss equation can be set up fo r  the whole ra d ia tin g  volume
| |  = N h v L A - l | A . =  0 ....................................... (7.14)
where the f i r s t  term is  the photon creation and the second term is  the 
energy lo s t from the whole system (N is  the generated photon number (s'^cmT^) 
and LA is  the ra d ia tin g  volume). The losses fa c to r ç takes in to  account the 
output beam, re fle c tio n  and absorption losses associated w ith  the o p tics , 
and loss due to the tube aperture. For a cw beam the power crea tion  and 
loss are equal, hence
I = ZN h V L ....................................................(7.15)
€
The energy removed by photons per u n it volume per second (& ')  is  given by
h V = (Js cm )   (7.16)
This energy is  removed d ire c t ly  from the v ib ra tio n a l asymmetric mode o f the 
COg population. Competing re laxa tion  from th is  mode occurs via V-V-T processes 
which re s u lt in  an eq u ilib riu m  tra n s la tio n a l energy stored in  the gas. When 
the laser f ie ld  is  switched on th is  process is  reduced and the stored 
tra n s la tio n a l energy and gas temperature reach new e q u ilib riu m  values.
E m p irica lly , i t  is  found^^^’ ^^^ th a t the discharged gas tra n s la tio n a l 
temperature, (tg^^) fo r  a lase r discharge o f th is  kind is  given by
V s  '  + V s  = + ">1 •   ( 7 - 1 7 )
where t^  ^ is  the wall temperature, t^ .^  is  the increased a x ia l temperature 
due to  the discharge, m is  a constant p rec ise ly  dependent upon the gas 
pressure and composition approximately 40 to  70 fo r  the range o f inpu t powers 
per u n it length 1 to  3 W/cm, and P/L is  the e le c tr ic a l inpu t power per u n it 
length. Expressing th is  as the u n it volume gas tra n s la tio n a l energy
V s  ° (tw + m ^0 ( W )  . . . . . . . .  (7.18)
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As the stim ulated emission removes Q (W) from the CO^  asymmetric s tre tch  
mode tra n s la tio n a l energy is  removed from the gas (v ia  the V-V-T processes) 
and a change in  gas tra n s la tio n a l energy occurs
AT = I  Q   (7.19)
The fra c tio n a l change o f tra n s la tio n a l energy is  given then simply from the 
previous two equations
_ m Q _ m Q / y
T L ( t^  + m P/L) " L t^  + mP ........................
The to ta l energy removed by photons from the whole discharge is  from 
equation (7.16)
Q = -  V Jl' = (W)   (7.21)
2where V = uLr^ , the p a r t ia l discharge volume is  assumed to  be un iform ly 
ra d ia tin g  (r^  is  the 1/e beam radius > 80% o f the beam lie s  in  th is  volume); 
the re fo re , by s u b s titu tin g  in to  (7.20)
AI =     (7.22)
T 2(L ty m  + P)
I t  is  known from equation (7.14) tha t there is  a simple re la tio n sh ip  between 
fra c tio n a l number density and fra c tio n a l tra n s la tio n a l energy changes, and 
le t t in g  A be the beam cross-sectional area (mr^^)
=  V i _ J   .■ ....................................... (7.23)
"   ^ 2(L y m  + P)
The e le c tr ic a l inpu t power f lu c tu a tio n  AP/P due to the laser irrad iance  
I se t up in  the o s c il la to r  ca v ity  is  in  fra c tio n a l terms
AE ’
^  "  4    (7.24)
^9
from equation (7 .4) and (7 .8 ). Experimentally, only voltage and curren t 
parameters are e a s ily  measurable and these discharges have a negative
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170d if fe re n t ia l p o s itive  impedance c h a ra c te r is tic . I f  the curren t i  is
allowed to vary (as in  conventional cv series b a lla s t e x c ita tio n ) then the
53inp u t power flu c tu a tio n  is  a function o f the external c i r c u i t . Cc 
e x c ita tio n  removes the gas a m p lifica tio n  fa c to r 6 (see Chapter 3.211) which 
magnifies the perturbation (during cv opera tion ). Although large signals 
are observed in  the OGE mode w ith  cv operation and ju d ic io u s ly  selected 
b a lla s t resistance (s l ig h t ly  la rg e r than discharge impedance) the channel 
noise is  also am plified and e ith e r  constant S/N or reduced S/N w ith  increasing 
G a t low currents is  observed (see Chapter 8 .2 ).
Experimentally then, beam irrad iance  ( I )  is  set by varying the ca v ity  
alignment (p a rt o f the losses fa c to r c) where the current ( i )  is  maintained 
constant by using a cc power supply a t many selected values and the change 
in  the re su lta n t tube voltage (v) is  measured. M icroscop ica lly , holding 
the tube current constant corresponds to  c o n tro llin g  the product o f e lectron  
density  and d r i f t  ve lo c ity  (equation (7 .3) but in d iv id u a lly  these parameters 
are allowed to  change. However, from (7.4) th is  power pertu rba tion  theory 
is  general and va lid  fo r  any power pertu rba tion  provid ing the gas 
a m p lifica tio n  fa c to r G is  considered. The experimental case where i is  
constant is  a d d itio n a lly  the most simple to  evaluate. The e le c tr ic a l inpu t 
power f lu c tu a tio n  aP/P is  num erically equal to  the fra c tio n a l change o f 
gained e lectron power density (see equation (7 .4 ), (7 .7) and (7 .8 ) ) ,  and th is  
in  turn is  equal to  the fra c tio n a l number density change (7 .8 ) , the re fo re ,
a e '= _ 1  = HL =  V L i    (7.25)
"  2(L y m  + P)
The e le c tr ic a l inpu t power change aP (W) is ,  the re fo re , fo r  cc e xc ita tio n
lAv = AP = --------------     (7.26)
2(L y  Pm + 1)
Experim entally, the laser rad ia tion  f ie ld  was adjusted by a fixe d  misalignment 
o f one o f the cav ity  m irro rs ; th is  corresponds to  changing ç l .  As the loss ç 
is  varied from minimum (~ 25%) to  maximum ~ 50%, beam irrad iance  fa l ls  to
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zero (discussed in  Chapter 8 ); the product overa ll is  a ra p id ly  reducing 
function  w ith  misalignment. The o p tic a lly  induced discharge power pertu rba tion  
is  then measured as a function  o f the laser output beam power from which 
the beam irrad iance  I can be ca lcu la ted from f i r s t  p rin c ip le s
I = (T + K) ^out  .......................................  (7.27)
(1 - R)nrg^
where r^ is  the beam radius and R is  ca lib ra ted  output coupler r e f le c t iv i t y .  
The e le c tr ic a l inpu t power pertu rba tion  AP in  terms o f beam irrad iance  fo r  
lin e a r power per u n it length o r more generally fo r  the temperature o f the 
discharged gas is  given by
AP = "  S I = "b ^ g I . . . .  (7.28)
2(L y p m  + 1) 2 ( y y . s  + 1)
where ty^^ = m P/L or in  terms o f laser output power
AP = (1 + 1^ ) € Pput = (T *  K) E Pput (7.29)
2(1 -  R) (L  y p m  + 1) 2(1 -  R) ( y y ^  + 1)
Equations (7.28) and (7.29) p re d ic t a lin e a r  dependence o f discharge 
e x c ita tio n  pertu rba tion  on beam irrad iance  (and output beam power) fo r  a 
given C; the p ro p o rtio n a lity  constant is  then a function  o f losses (inc lu d in g  
output coupler r e f le c t iv i t y ) ,  w all temperature and e x c ita tio n  (P/L) o r 
discharge temperature. In some experiments the losses fa c to r  ç was varied 
d e lib e ra te ly  (by misalignment) and occurred simultaneously w ith  changes in  
irrad iance  and the ç l product is  usually  a su itab le  parameter as long as 
ce rta in  precautions are taken (see Chapter 8),
7.3 POWER PERTURBATION THEORY OF COq AMPLIFIERS AND ABSORBERS
When a discharge external to  the lase r o s c il la to r  is  illu m in a te d  by 
resonant COg laser ra d ia tio n , s im ila r  and smaller changes o f inp u t power 
occur and the sign o f th is  pertu rba tion  is  e ith e r p o s itive  or negative 
depending on whether stim ulated emission or absorption occurs. Neglecting
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spontaneous emission, the beam irrad iance ( I )  is  a function  o f  length in  
the discharge and normal exponential a ttenuation/ga in  (shown as - or +) 
occurs
■^ 2 ~ -  ctl 2     (7.30)
where Z is  the discharge length co-ord inate. In teg ra ting  the absorption/gain 
over length Z gives
I j  = I    (7.31)
where I is  the inc id e n t probe beam irrad iance . The conservation o f energy 
requires th a t
^  = -  4 =    (7.32)
where £ is  the power (per u n it volume) absorbed o r lo s t due to  the ra d ia tio n  
f ie ld  by the asymmetric s tre tch  system as before.
s. = + a = +  a l  e * “ 7   ( 7 . 3 3 )
Therefore, the to ta l energy supplied or lo s t to  the gas (Q) tra n s la tio n a l 
system by absorption or stim ulated emission re spective ly , is  given by
Q = irrg^ L = + irrg L a l e"^^ . . . . . .  (7.34)
where L is  the p o s itive  column discharge length and a (cm~^) is  the gain 
or absorption c o e ffic ie n t. S u b s titu tin g  th is  energy change in to  the general 
equation (7.20) evaluated in  7 .2; the fra c tio n a l power pertu rba tion  is
AP _ AT _ , ’'"b  L«e-“ E I
——p - — “  " nr — — ' - ' I - - - V /
(L y m  + P)
o r in  terms o f the discharge inpu t power change fo r  inp u t power per u n it
length or more generally in  terms o f the discharge temperature
irr. ^Lae-“ ‘- I nr.^Loe-GE %
AP = ± — 2----------------- = ± —J2----------------- . . . .  (7.36)
(L ym P + 1) ( y y ^  + D
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For short sealed discharges (tube length < 10 cm) the laser gain was always 
found (by o p tica l methods) to  be $ 5% and typ ica l absorption fo r  low pressure 
COg was < 2%. For s im p lic ity  in  analysis a reasonable approximation in  th is
fïLl im i t  is  to  le t  e = 1 and, the re fo re ,
2 L a i
A P * e , a » ft ft » * ft » ft » ( 7 * 3 7 )
and, as p rev ious ly , there is  a lin e a r beam irrad iance dependence.
7.4 LIMITATIONS OF POWER PERTURBATION THEORY AND SOME SYSTEM DEPENDENT 
EFFECTS
Several s im p lif ic a tio n s  have been made in th is  chapter and some 
e lu c id a tio n  is  necessary in  order to  in te rp re t the experimental data. The 
f i r s t  major s im p lif ic a t io n  is  geometric; a mean temperature due to  discharge 
heating is  assumed and consequently a mean number dens ity , constant, across 
the tube diameter is  required. This value is  assumed to  be 60% o f the a x ia l 
temperature. S im ila r ly , the lase r beam is  treated as a mean irrad iance  by 
d iv id in g  the to ta l o p tica l power by the area described by the 1/e radius 
c ir c le .  In the rea l lase r ax ia l beam modes were selected (near gaussian) and 
no contro l or measure o f the rad ia l number density or temperature was 
a va ila b le . These s im p lif ic a tio n s  re s u lt in some dependency on the o p tica l 
system in the case o f the o s c il la to r  and the probe beam parameters fo r  the 
external c e ll .  The beam p ro f i le  varied along the discharge and changed 
diameter w ith  d ifferences in  ra d ii o f curvature, and pos ition  o f the m irro rs . 
The output beam radius was measured in  the near f ie ld  w ith  the beam p ro f i le  
monitor a t the p o s ition  where i t  entered the external c e ll .  The in te rn a l 
c e ll beam radius was ca lcu la ted by standard fo rm u la e ^ fro m  the resonator 
o p tica l parameters.
A more fundamental approximation occurs due to  the physical e ffe c t.
As the laser s ta rts  to o s c il la te  a de fic iency o f V-T 00^1 de -exc ita tion
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processes resu lts  in  k in e t ic  cooling o f the gas. The ax ia l number density 
increases and the e le c tr ic a l impedance r ise s . For cc e xc ita tio n  the e le c tr ic a l 
inpu t power rises subsequently causing an increased heating o f the gas (due 
to  the greater P /L). This process opposes the f i r s t  order e ffe c t and a 
balance is  reached causing a small reduction o f the e ffe c t . For series 
b a lla s t cv e xc ita tio n  the increased discharge impedance (Z) resu lts  in
decreased current w ith  consequently increased discharge voltage (m u ltip lie d
by the a m p lifica tio n  fa c to r G). The precise input power change depends on 
the value o f b a lla s t resistance (Rg) and i f  - Z then the power change is
minimum. High b a lla s t resistance R  ^ >> Z resu lts  in  cc behaviour as
described above. I f  R^  < Z then unstable operation occurs (see chapter 3.21).
The assumption has been made throughout th is  work th a t the ra te  o f 
supply o f energy (pumping ra te ) to the 00°T upper laser leve l is  not 
s u b s ta n tia lly  changed by v a r ia tio n  o f the degree o f stim ulated emission. In 
p r in c ip le , as the number o f stim ulated emission tra n s itio n s  increases the 
00°1 population may be expected to  decrease re su ltin g  in even less V-T and 
V-V-T de -exc ita tion  events. The major mechanism is  due to the stim ulated 
emission ra te  being s u b s ta n tia lly  fa s te r than any other de -exc ita tion  ra te .
The pumping ra te  o f the 00°1 leve l is  determined, due to  v ib ra tio n a l m ixing, 
by the to ta l pumping ra te  o f a t leas t the f i r s t  s ix  v ib ra tio n a l modes 
(00°1 to 00^6). The population o f each leve l is  determined by the v ib ra tio n a l
temperature and there fore  the 00 1 population is  's ta b il iz e d ' against
de -exc ita tio n  changes. The energy flow ing  through both routes (V-V-T and 
stim ulated emission) in summation remains the same.
No account has been taken in  th is  theory o f the momentum exchange changes
used f i r s t  by Lobov^^ to  expla in the optogalvanic e ffe c t. The close 
correspondence o f th is  theory w ith  experiment suggests th a t fo r  discharges 
w ith  e x c ita tio n  currents in  the range 5 to 50 mA ( fo r  8 mm diameter) the 
momentum exchange e ffe c t is  probably small compared to  the number density 
change. However, as prev ious ly  noted by Smith and Brooks some deviations 
consistent w ith  the momentum exchange theory occur a t low currents. I t
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should be possible to  include a momentum dependent term in to  the theory^^’ ^^ 
but i t  was not found necessary to  expla in these experimental resu lts  which 
re la te  to  the e xc ita tio n  regime where e f f ic ie n t  laser action occurs (10 to  
30 mA).
For small non-irrad ia ted  (b a lla s t)  volumes (Vg), i . e .  when Vg ^  Lr^ 
(where r^  is  the beam f i l le d  volume) the allowed number density changes are 
reduced because the gas has in s u f f ic ie n t  volume in  which to  expand in to .
The ra t io  o f Vg:L r^ ^ 30 was maintained in  the o s c il la to r  experiments 
which should account fo r  not more than 5% signal reduction fo r  dc and low 
frequency (<^  100 Hz) pertu rba tions. In p ra c tica l terms the optogalvanic 
e ffe c t is  reduced by two fa c to rs . The main ac signal reduction is  due to 
the 00°1 re laxa tion  time and secondly, a t very high frequencies ^  20 kHz 
the signal is  reduced by the 01^0 re laxa tion  time and also due to  the sm aller 
a va ilab le  b a lla s t volume determined by the speed o f sound. The e ffe c t o f 
th is  volume reduction w i l l  be system dependent and may be less noticeable 
in la rg e r diameter discharge tubes.
The p a r t ic u la r  dominant high frequency reduction e ffe c t w i l l  be 
determined by pressure which adjusts the 01^0 re laxa tion  time lim ita t io n .
The 'a co u s tic ' time constant due to the ava ilab le  b a lla s t volume reduction 
w i l l  become important a t f  ^  20 kHz and w i l l  e sse n tia lly  be independent 
o f pressure. This is  the reason why the high frequency s ignals f  ^ 20 kHz 
are sm aller than the low frequency ( f  < 100 Hz) signals (see Figure 6.23).
There is  no fundamental reason to expect the T^ k in e t ic  coupling to  produce 
a sm aller e ffe c t.
7.5 POWER PERTURBATION THEORY SUMMARY
A precise q u a lita tiv e  theory has been developed based on the 'gas 
temperature explanation ' f i r s t  expounded by Rigden and Moeller. The theory 
ignores, fo r  s im p lic ity ,  momentum exchange changes^^ which may become 
important fo r  low e xc ita tio n  . The e le c tr ic a l inpu t power change expressed 
fra c t io n a lly  as has been shown to  be d ire c t ly  dependent on number
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density  changes (An/n).. For ce rta in  physical constra in ts (such as constant 
number and large b a lla s t volume) th is  fra c tio n a l number density change is  
exac tly  equal to the fra c tio n a l k in e t ic  energy change (aT/T) otherwise 
expressed by the fra c tio n a l gas temperature change. The gas temperature 
( td is )  can be measured or ca lcu la ted fo r  various e xc ita tions  (P /L ), pressures 
and compositions. By using simple o p tica l resonator considerations 
(concerning 'lo s s e s ',  e tc .)  the gas temperature change due to a loss or gain 
o f photon energy (Q) has been used to evaluate the change o f number density 
and consequently the change o f e le c tr ic a l inpu t power (AP.^), The fo llow ing  
section (Chapter 8) Investigates the s p e c if ic  empirical measurements made 
in  order to  v e r ify  o r re fu te  th is  theory.
8.0 EXPERIMENTAL: DISCHARGE POWER PERTURBATIONS
V aria tion  o f the laser irrad iance  w ith in  a COg laser o s c il la to r  re su lts  
in  a change o f the discharge voltage ( a v ) fo r  a cc ( i ) .  The inpu t power 
change (AP = iAv) has been predicted (Chapter 7) to  be
AP_n =  ^ = (T + K) S Pput (8 .1 )
. 2 ( t w / t d i s  +  1 )  2 0 - R ) ( V t ^ i s  +  1 )
Figure 8.01 shows the measured inpu t power change (AP^^) due to  a va ria tio n  
o f lase r output power (Pq^^) achieved by varying the alignment o f the output 
coupler. This technique involves varying the cav ity  loss ç but i n i t i a l l y ,  
an average ç value w i l l  be assumed; th is  w i l l  be treated more c a re fu lly  
subsequently.
The lase r beam was switched on to  o f f  and the f u l l  tube voltage measured 
w ith  a DVM (and high voltage probe w ith  inp u t impedance > 100 Mfi) fo r  a
wide range o f constant currents. The tab le  shown in  Figure 8.02 l is t s  the 
values o f the appropriate experimental parameters used in  the experiment 
th a t are required fo r  comparison o f the th e o re tica l p red ic tion  (8 .1 ).
Assuming nominal values o f t^^^  and ç o f 120 C and 0.3 re sp ec tive ly , 
then the average input power flu c tu a tio n  should be (from equation (8 .1 )) 
fo r  an average loss s itu a tio n
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Fig. 8.01 V a ria tion  o f e le c tr ic a l inp u t power due to  changes o f
lase r output power caused by output coupler misalignment fo r  a lase r
as described in  the tab le  8.02. The s o lid  lin e  shows the approximate 
p re d ic tio n  Ap\^ = Z.OcP^^^ = 0.6 P^^^ fo r  the average loss case. The 
gas m ixture was 1 Xe, 3 COg, 4 Ng, 16 He to r r .
t .  = 280 K w
R = 0.9 
L = 25 cm
td is  ~ 120 K 
= 0.2 cm
Ç = 0.15 to  0.4 approximately 
w ith  output coupler loss 10%, fixe d  
re f le c to r  loss 3%, Brewster window and 
aperture loss = 2%; misalignment 
(de libe ra te ) loss 0 - 25% laser f u l ly  
on to  f u l ly  o f f .
F ig. 8.02 The parameters o f the experimental laser required fo r  the 
th e o re tica l p re d ic tio n  (F ig . 8.01) o f the laser induced power pe rtu rba tion .
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AP-n ~ 0.02 C I .  2 .8  S .  0.6 Pout . . (8 .2)
This average slope fa c to r  (^P^-^/Pp^t ~ 0.6) is  in  good general agreement
w ith  the experimental data (the precise values vary w ith  ç and P /L). The
data points fo r  the maximum lase r output power (low ç) fo r  a p a r t ic u la r
e x c ita tio n  current g iv ing  a lower AP^^/Pout slope fa c to r than the data 
po in ts fo r  low output powers (high c). Equation (8.1) p red ic ts  an inpu t 
power pertu rba tion  which is  lov/er fo r  the f u l ly  aligned case (due to low c ).
The 16 mA experimental p o in ts , fo r  example, show a slope reducing a t f u l l  
power (~ 8 W) in  reasonable agreement w ith  the estimated c change (Figure 
8.02). The maximum misalignment re su lts  in  a to ta l ca v ity  round t r ip  loss 
s l ig h t ly  less than the gain which is  approximately known fo r  these discharges.
The maximum loss required to  stop o s c il la t io n  would be ( fo r  25 cm length)
~ 0.3 to  0.4 and the minimum loss due to  output coupling (10%) fixe d  
re fle c tio n  loss (~ 3%) and Brewster windows and aperture loss ('v 2%) was 
approximately 0.15. This range o f ç re su lts  in  the reduction o f AP^^/PQ^^ 
slope fo r  w ell misaligned case ç 0.3 a t ~ 1 W to  the w e ll a ligned case 
(Ç = 0.15) a t ~ 6 W from AP^^/pQ^^ = 0.8 to AP^^/P^y^ = 0.4. Figure
8.03 shows a lin e a r dependence o f ç upon P^^^ and aP^ .^  ca lcu la ted  using 
(8 .1 ). P reviously, the reduction o f AP\^ fo r  the low ç ( f u l ly  aligned case) 
was noted in  Figure 4.02a and an em pirical measure o f minimum ç w i l l  be 
obtained in  section 8.1 where output coupler r e f le c t iv i t y  va ria tio n  is  
discussed. The simple lin e a r approximation o f the va ria tio n  o f ç from ^  0,15 
f u l ly  aligned to  'v 0.3 when la se r action ceases is ,  however, adequate fo r  
an approximate evaluation o f AP^^ fo r  these lasers w ith the experimental 
parameters shown in Figure 8.02, In p ra c tice , the loss fa c to r ç w i l l  vary 
in  a complicated manner dependent on the nature o f the resonator (aperture , e tc .)
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Fig . 8.03 The Increased discharge inp u t power (AP^^) experim entally determined 
by adjustment o f the output coupler alignment. The th e o re tica l p re d ic tio n  o f 
the input power change is  ca lcu la ted assuming a lin e a r  va ria tio n  from 0.15 
minimum loss to  0.3 maximum loss. The gas mixture was 1.5 Xe, 3 COg, 4 Ng,
15 He ( to r r ) .
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Fig . 8.11 The va ria tio n  o f both predicted X c o e ff ic ie n t and experimental 
aP/çI (equal to  X) w ith  discharge e x c ita tio n  P/L fo r  a laser m ixture o f 
15-15-20-50, Xe-COg-Ng-He a t 20 to r r  (o ). Curve (a) shows the predicted X
173value using Laderman and Byron ca lcu la ted values o f t^^^ and curve (b) 
shows X values ca lcu lated using values measured by Shields and Smith 164
( t dis = 0.6 t ax ia l
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8.1 DISCHARGE POWER PERTURBATIONS IN COq LASER OSCILLATORS
When optogalvanic perturbations occur w ith in  an e f f ic ie n t  COg lase r 
o s c il la to r  the e ffe c t is  p a r t ic u la r ly  large and proportional to  the 
high beam irrad iance  w ith in  the ca v ity  ( ty p ic a lly  > 200 W cmT^). The 
va ria tio n  o f the power perturbation  has been shown to be dependent on ca v ity  
alignment but i t  is  also in  general, dependent on a l l  the discharge parameters. 
The aP^^/çI slope fa c to r |n r^ ^ /2 ( t^ / t j^ g  + l ) j  w i l l  be named X (optogalvanic 
c o e ff ic ie n t)  in  th is  chapter, and th is  c o e ff ic ie n t (which is  approximately 
0 .02, see equation (8 .2 )) varies w ith  operational parameters such as gas 
pressure, composition and e xc ita tio n  (which a ll  d ire c t ly  a lte r  ty^^) as w ell 
as w ith  wall temperature and output coupler r e f le c t iv i t y .  In th is  section 
changes o f X due to these parameters are demonstrated experim entally and 
compared to  th e o re tica l p red ic tions .
The increase o f e xc ita tio n  (P/L) re su lts  in  an increase o f gas 
temperature o f the discharge (ty^g) fo r  fixe d  pressure and composition.
Figure 8.11 shows predicted values o f X fo r  va ria tio n  o f P/L fo r  the f u l l  
p ra c tic a l laser range, up to  4 W/cm. The X value was ca lcu la ted from
1 7 1equation (8.1) using (a) Laderman and Byron's ca lcu la ted discharge 
temperatures and (b) Shields and Sm ith's^^^ em pirica l values. The experimental 
gas m ixture had a lower fra c tio n  o f helium but was comparable.
The best agreement w ith  the theory is  achieved w ith  the Shields and 
Smith em pirica l temperatures used w ith  equation (8 .1 ); however, an 
adequately good agreement can be achieved w ith  the lin e a r approximation
w ith  a heating constant m equal to  50 to  60 cm W"^K (see equation (7 .1 8 )).
174The experimental temperature re su lts  o f Waszink and van V lie t  , Maksimov, 
Sergienko and S l o v e t s k i i a n d  Schwartz and M argalith^^^ provide very 
s im ila r  values o f X over th is  range o f e x c ita tio n . The X c o e ff ic ie n t w i l l  
be p re c ise ly  dependent on m ixture which w i l l  be discussed la te r ,  however, 
th is  comparison (Figure 8.11) establishes how X rises w ith  e x c ita tio n  (as 
td is  increases) and because ty^g does not rise  as ra p id ly  above 1.5 W/cm,
X begins to  saturate re su ltin g  in  a saturated value o f the discharge power
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pertu rba tion  w ith  higher values o f P/L (corresponding to  higher cu rre n ts ); 
th is  re su lts  in  a saturated value o f X 2 x 10"^ above 1.5 W/cm.
H is to r ic a lly ,  due to measurement techniques, the fra c tio n a l voltage 
change, aV/V or equivalent AZ/Z (impedance change) ra ther than power change, 
has been presented by a u t h o r s t h e  calculated power change (AP^^) can 
be trans la ted  in to  AV/V .  In Figure 8.12 the fra c tio n a l voltage change has 
been normalized to  1 W output power (by using the f u l ly  aligned case and 
d iv id in g  the voltage change by the output power) from the 25 cm discharge 
COg laser w ith  90% output coupler. Although the curren t voltage product 
change (AP^^) rises slow ly w ith  increased e xc ita tio n  (discharge temperature 
increase), the fra c tio n a l voltage change decreases (w ith  increasing cu rren t) 
because the discharge power increase fo r  a given laser output power is  
approximately constant above 10 mA (due to  the sa tu ra tion  o f X w ith  P/L 
above 1.5 W/cm). A constant ty .g  (k in e t ic a l ly  cooled) requires a discharge 
power change which is  constant fo r  a given beam irrad iance  and because ty^g 
only rises slow ly w ith current (and saturates a t i  % 15 mA) the voltage change 
AV reduces (w h ils t the current rises) re su ltin g  in an approximately constant 
inp u t power change. However, the discharge voltage reduces w ith  increasing 
cu rren t but th is  decrease is  less marked a t currents ^ 12 mA where the 
d if fe re n t ia l impedance slope w ith  cu rren t (dZ /d i) tends to  zero (see Figure 
4.11). Hence, the AV/V fra c tio n a l change is  a reducing function  w ith  respect 
to curren t fo r  a constant laser output power, gas composition, e tc . ,  w ith  
two d is t in c t  slope regimes: high fo r  i  ^  10 mA and low fo r  i  ^  10 mA. An 
a lte rn a tiv e , more microscopic, explanation is  th a t w ith  increasing curren t 
(o r P/L) the discharge temperature ty^g rises  and the fixe d  k in e t ic  cooling 
due to  a p a r t ic u la r  photon loss produces a number density change An/n which 
produces a given ty^g decrease. P ro p o rtio n a lly , th is  temperature decrease 
w ith  respect to  the quiescent ty^g value is  less fo r  higher currents 
(temperatures). The fra c tio n a l changes ( fo r  a given photon output) are, 
the re fo re , higher fo r  low currents as previously observed by Smith and 
Brooks^^ and Lawler^^ and the theory presented so fa r  p red ic ts  the experimental
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Fig. 8.12 The va ria tio n  o f fra c tio n a l voltage change AV/V fo r  u n it output 
power (pQy^) as the e xc ita tio n  cu rren t varies up to 40 mA; the P/L varies 
up to  4 Wcm"^  over th is  range. Curve (a) shows the p red ic tion  o f equation 
(8 .1) fo r  Ç = 0.15 and curve (b) ç = 0 .2 . K was adjusted by varying
the output r e f le c t iv i t y  R. The data po in ts  are fo r  a gas m ixture o f 
3 Xe, 3 00^» 4 Ng, 10 He ( to r r )  and the lase r was used f u l ly  a ligned.
I
o
o - 10 mA 
a - 20 mA
6 8 10 
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Fig. 8.13 The em pirica l va ria tio n  o f lase r e ffic ie n c y  w ith  the fra c tio n a l 
voltage change fo r  10 and 20 mA. The lase r had a 25 cm discharge 90% output 
coupler and a gas mixture o f 1 Xe, 3 CO., 4 and 16 He ( to r r ) .  The
e ffic ie n c y  was reduced by output coupler misalignment.
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re su lts  (Figure 8.12) c lose ly . The parameters v, i  and are d ire c t ly  
measured and the AV has been calculated from (8 .1) fo r  two losses fac to rs  
Ç = 0.2 and 0.25,
The dependency o f the fra c tio n a l laser voltage change on e ff ic ie n c y  
(n) is  shown in Figure 8.13. The fra c tio n a l voltage change Av/v is ,  fo r  
cc e x c ita tio n , equal to the fra c tio n a l impedance change AZ/Z, and the 
fra c tio n a l inpu t power change AP^^/P^.^. The laser e ff ic ie n c y  is  simply 
the output power per u n it input power (Pout^^in^' The ra t io  o f Av/v to  
n is  ju s t  X (1 + R ) /( l -  R) from the theory
V i n  = X f o u t / P i n ]  ...........................................  ( 8 - 2 )
because from (8.1) the AP^^/P^^^ re la tio n sh ip  has been evaluated in 
Chapter 7. This correspondence re su lts  in  an average Av/v versus n slope 
o f ^  0.6 in  analogy to  the AP^^ versus P^^^ p lo t in  Figure 8,01. The exact 
ra t io  varies w ith  alignment and a slope reduction fo r  high e ff ic ie n c y  is  
seen (when ç is  low valued).
The AP^.^/çI measurements shown in Figure 8.14 show th a t the X 
c o e ff ic ie n t increases w ith  increasing lase r pressure ( fo r  a given m ixture) 
in  accordance w ith  the th e o re tica l p re d ic tio n . As the pressure is  increased 
fo r  a given constant e xc ita tio n  current the discharge impedance increases 
due to  the increased number density o f e lectron c o ll is io n  partners. The 
e ffe c t is  an increased P/L fo r  a given current due to  the voltage r is e . This 
increased P/L causes an e levation o f discharge temperature which can occur 
in  a d if fe re n t manner to  the previous analysis because the thermal 
co n du c tiv ity  o f the gas changes w ith  pressure. The p re d ic tio n  from 8.13 
due to  the P/L change described above is  shown in  8.14. The increase in  
X was found to  be la rge r than tha t predicted which can be in te rp re te d  th a t 
^dis ^^ higher a t higher pressures fo r  a given P/L although elementary 
reasoning suggests th a t i t  could be lower because the higher pressure gas 
should have a higher thermal conductiv ity . Other secondary e ffe c ts  also 
may a lte r  the re s u lts , e.g. pressure increases may a lte r  COg d isso c ia tion
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Fig. 8.14 The va ria tio n  o f aP/çI (experimental O) and the predicted X 
value fo r  a va ria tio n  o f lase r gas pressure. The va ria tio n  o f mean discharge 
temperature t^ .^  due only to  the increased P/L subject to  pressure increase 
is  shown. These values have been used to  ca lcu la te  the X values shown by 
the dashed lin e ; the gas m ixture was 6% Xe, 6% COg, 12% Ng, 80% He.
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Fig . 8.15 The va ria tio n  o f aP /çI (experimental) = X w ith  the va ria tio n  o f 
He p a r t ia l pressure fo r  the laser described in  8.02 w ith  2 Xe, 3 COg, 4 Ng 
( to r r )  and a va riab le  p a r t ia l pressure o f helium - y .
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and the e ffe c t o f residual Hg (which is  an important fa c to r in  sealed 
discharges) may be reduced. The ove ra ll agreement o f experimental re su lts  
and theory is  good considering only simple considerations o f temperature 
and power change have been used.
The dependency o f X on the composition o f the laser gas m ixture fa l ls  
in to  two p a rts ; the la rg e s t va ria tio n  w ith  composition is  due to  changes 
o f the ra t io  o f the polyatomic population (COg, Ng, CO, e tc .)  to  the atomic 
He concentration and the dependency o f X on the COgiNg or 00^:00 concentration 
ra tio s .
The helium concentration dependent va ria tio n  o f X is  shown in Figure 
8.15; the X c o e ff ic ie n t rises markedly w ith  increasing He p a r t ia l pressure 
fo r  cc (10 mA) e x c ita tio n . The th e o re tica l analysis o f th is  s itu a tio n  is  
complex; there are a t lea s t three separable e ffe c ts : (a) the e x c ita tio n  (P/L) 
fo r  fixe d  i  w i l l  r ise  w ith  ove ra ll gas pressure increase and, th e re fo re , X 
w i l l  increase (as in  Figure 8 .14 ), (b) an isoba ric  (constant to ta l pressure) 
helium concentration change ( fo r  a given current) w i l l  re s u lt in  a change 
o f  P/L, and hence change X and (c) the discharge temperature (ty ^^ ) fo r  a 
given P/L w i l l  be higher fo r  He lean ra th e r than He r ich  mixtures due to  
change o f thermal co n du c tiv ity  re s u lt in g  in  a reduced X. This experimental 
re s u lt  shows a large order increase o f  X w ith  He content and a large order 
change due to  strong dependence o f ty .^  o r He fra c tio n . The helium content 
dependence explains the lower experimental values o f AP^^/sl shown in  
Figure 8.11 where the ca lcu la ted X value was fo r mixtures w ith  h igher helium 
concentrations.
No s ig n if ic a n t dependence o f X on COgzNg or CO^ .'CO concentration ra tio s  
was found over the lase r operating range. A d d it io n a lly , the optogalvanic 
c o e ff ic ie n t X was found to  be id e n tic a l fo r  Xe-COg-CO-He m ixture and 
Xe-COg-Ng-He mixtures where the p a r t ia l pressures o f He were maintained and 
the p a r t ia l pressures o f CO and Ng were equiva lent. Figure 8.16 shows how 
the increased power inp u t aP^ .^  increases w ith  lase r output power as the 
ca v ity  alignment is  improved. The presentation shows the va ria tio n  fo r  a
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F ig. 8.16 The v a ria tio n  o f discharge inpu t power w ith  the va r ia tio n  o f 
lase r output power which was varied by adjustment o f the output coupler 
alignment. The open po in ts ( o a o ) represent the em pirica l re su lts  fo r  the 
m ixture 1 Xe, 3 COg, 4 Ng, y He where y -  10, 17 and 25 to r r .  The s o lid  
experimental points ( •  a * )  d isp lay the AP^ .^  va ria tio n  fo r  a Ng free  m ixture 
cons is ting  o f 1 Xe, 3 COg, 4 CO, y He ( to r r ) .
REFLECTIVITYDl"
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D IS C H A R G E  C U R R E N T (m A )
Fig . 8.17 The va ria tio n  o f the increased inpu t power (AP^^) due to  lase r 
o s c il la t io n  fo r  a f u l ly  a ligned lase r over the f u l l  operating cu rren t range 
fo r  d if fe re n t  output coupler r e f le c t iv i t ie s .  The la se r d e ta ils  are given in  
the caption o f F ig. 8.18.
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mixture w ith  Ng or CO fo r  d if fe re n t He concentrations. This behaviour o f
CO substitu ted  fo r  Ng cannot be adequately explained by the io n iza tio n  
57theory which requires a s p e c if ic  n itrogen excited s ta te  (B^) to  couple 
the lase r induced 00°1 population changes w ith  flu c tu a tio n s  o f io n iz a tio n .
This behaviour was expected from the theory because no major thermal changes 
are known to  take place fo r  su b s titu tio n s  o f CO or fo r  COg in  laser 
discharges. The thermal properties o f the discharge are dominated by the 
large q u an tity  o f  He present.
V aria tions in  the inpu t power pertu rba tions due to  changing the output 
coupler r e f le c t iv i t y  are shown in Figure 8.17, For fixe d  operating 
cond itions, m ixture, pressure, e x c ita tio n  and alignment changes in  
r e f le c t iv i t y  re s u lt in  changes o f the beam irrad iance as w ell as changes 
in  Ç. By using a series o f re fle c to rs  99% ( to ta l re f le c to r ) ,  98%, 95%, 94%, 
90%, 85% and 80% and measuring the output power and inpu t power change, the 
ca v ity  losses were measured fo r  the 25 cm active  discharge lasers described 
in  Chapter 3.1. The lase r output power and beam irrad iance measured during 
th is  experiment has been presented in  Figure 3.113. Higher r e f le c t iv i t ie s  
a llow  lase r o s c il la t io n  to  occur over a w ider range o f e xc ita tio n  because 
a lower gain can be to le ra ted  due to  the lower cav ity  losses. The optogalvanic 
e ffe c t also provided the f a c i l i t y  o f measuring the laser irrad iance  when 
no output beam was present (due to to ta l re fle c to rs  forming the o p tica l 
c a v ity ) .
The values (Figure 8.17) can ju s t  be considered as Xçî where ç has 
changed w ith  output coupler r e f le c t iv i t y  ( to  a small extent) and X varies 
w ith  increasing discharge temperature (as shown in  Figure 8.14). The aP^^ 
axis represents (approximately) beam irrad iance  and th is  increases 
s tra ig h tfo rw a rd ly  w ith  increasing coupler r e f le c t iv i t y ;  the output power, 
|îOwever, peaks fo r  90% r e f le c t iv i t y  (as shown in  Figure 3.113). The 
e x c ita tio n  required fo r  optimum irrad ia nce  increases w ith  increased output 
r e f le c t iv i t y  from 15 mA fo r  80% coupler to 30 mA fo r  to ta l re f le c to r  (~ 99%). 
This must re f le c t  the e ffe c t o f the increased stim ulated emission energy
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fra c tio n  (compared to  o ther re laxa tion  processes) due to  the la rg e r beam 
irrad iance  I .  When the output coupling is  large (R  ^ 0.8) then the beam 
irrad iance  ( I )  can never become large because the loss processes (which 
increase w ith  e x c ita tio n ) become comparable to  the stim ulated emission a t 
lower currents. When lower coupling is  used (R = 1.0) then the beam 
irrad iance  is  considerably higher and the increased stim ulated emission 
dominates over the loss processes fo r  h igher currents. The maximum beam 
irrad iance  occurs a t h igher currents because the beam irrad iance  rises 
simply w ith  improved pumping. The re levant loss processes (apart from the 
beam) are l ik e ly  to  be V-V-T and V-T processes and super e la s t ic  e le c tro n ic  
c o ll is io n s .
The losses fa c to r  can be established from (8.1) to  be
Ç = ’" 'b    (8 .3)
Pout (1 + R) X
and the minimum resonator losses minus the r e f le c t iv i t y  o f the output coupler 
ca lcu la ted  (ç^ = ç -  (1 - R)).  Figure 8.17 shows the ca lcu la ted to ta l ç 
fo r  the compact lase r design and the ca v ity  loss had an average value o f 
0.082 ± 0.025 which gives a value fo r  the 0,9 r e f le c t iv i t y  output coupler 
o f the f u l ly  aligned loss - 0.182, th is  ca lcu la ted value using em pirica l 
data is  in  reasonable agreement w ith  the estimated -  0.15.
The discharge temperature p ro f i le  is  d ire c t ly  re la ted  to  the w all 
temperature ( t  ) and i t  has been shown^^^ th a t a change o f w all temperature |
i
At re su lts  in  a s h i f t  o f At in  the ax ia l temperature ( t ^ ) .  iI
*wi = V  + A t; ta i = ta ,  + At ........................  (8.4)
The w all temperature was varied experim entally by ad justing  the cooling water 
temperature (by s e ttin g  coo ler thermostat) over the range 270 K to  320 K and 
the f u l ly  aligned 25 cm lase r had the f u l ly  on to  o f f  OVE signal measured 
w ith  a DVM. Figure 8.19 shows the comparison o f the aP/çI experimental 
values w ith  the ca lcu la ted X value from equation (8 .1 ). The lase r tube was 
exc ited  w ith  a to ta l inp u t power o f 56 W. The expected t^ .^  value lie s  in
X+
or
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R E F L E C T IV IT Y
Fig . 8.18 The ca lcu la ted losses fa c to r  ç = ^^in
out (1 + R) X
as a function  
shown in  
output beam)
o f r e f le c t iv i t y  from the em pirica l re su lts  
F ig. 8.16. The ca v ity  loss (neglecting 
€ - (1 -  R) was found to be 0.082 ± 0.025 and is  shown by the dashed box. The 
lase r consisted o f an 8 mm diameter discharge tube 25 cm active  length f i l l e d  
w ith  3 Xe, 3 COg, 4 Ng, 10 He ( to r r ) .  The laser is  described more f u l ly  in  
section 3.11.
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Fig. 8.19 The ca lcu la ted  X va ria tio n  and measured AP/çI w ith  the va ria tio n  
o f w a ll temperature from 260 K to  330 K. The experimental po in ts ( o )  are 
consistent w ith  a mean discharge temperature o f 111.5 ± 2 C.
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the range 80 to  100 fo r  th is  value o f P/L (m 50) and th is  m ixture 
(1 Xe, 2.5 CO^, 3.6 N^, 15 He to r r ) .  The curves show the ca lcu la ted X 
value fo r  t^^^  = 100, 110, 113 and 120 C; a good agreement between theory
and experiment was observed and a useful re la t iv e  measure o f discharge 
temperature (ty^^) can be made th is  way.
8.2 EXPERIMENTAL: POWER PERTURBATION OF COp AND COp-Np-He DISCHARGES 
PROBED BY COo LASER RADIATION
Extensive in ve s tig a tio n  o f optogalvanic phenomena in  COg laser discharges 
external to  the o s c il la to r  has been achieved by Smith and Brooks^^’ ^^; 
measurements o f ac pressure changes (Ap) and current changes (A i) were 
corre la ted  and shown th a t changes in  density o f the gas due to  k in e t ic  
coo ling  and heating (w ith  stim ulated emission and absorption o f photons) 
cause discharge parameter changes inc lud ing  s id e lig h t in te n s ity ,  current and 
voltage in discharges external to  the lase r o s c il la to r .  I t  is  the purpose 
o f th is  section to  present new experimental evidence and compare th is  w ith  
the theory presented in  Chapter 7. Sealed CO^  and lase r m ixture discharges 
have been investiga ted  and the dependence o f the e le c tr ic a l power changes 
due to  lase r absorption and a m p lifica tion  on discharge length , pressure 
and e x c ita tio n  measured. The d ire c t comparison o f the o s c il la to r  and small 
s igna l a m p lif ie r  perturbations demonstrates the u n iv e rs a lity  o f the theory.
The external c e ll experiments reported here were o f an exp lora tory 
nature and precise experiments would be required to  determine the va ria tio n  
o f the optogalvanic e ffe c t w ith  gas composition, e tc. as described in 8.1. 
Compared w ith  the o s c il la to r  perturbations the power changes in  external 
discharges are sm alle r; typ ica l probe beam irradiances o f < 100 W cm"^ were 
used. The probe lasers were adjusted (using the p ro f i le  monitor) to  provide 
a near.Gaussian beam (TEM^^) and the gas c e lls  were constructed w ith 
approximately the same in te rn a l diameter quartz tubes as the la se r sources.
The COg probe beam was chopped a t 16 Hz and s ta b iliz e d  a t lase r l in e  centre 
o f 10P(20); the OGE discharge tubes had a platinum side arm cathode and
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m u ltip le  tungsten po in t anodes which allowed e ig h t d if fe re n t discharge lengths 
to  be chosen. The to ta l tube voltage was s p l i t  by a 10:1 p o te n tia l d iv id e r 
w ith  to ta l resistance o f 100 Mo and the 10% voltage fed v ia  a su ita b le  
coupling capacitor (0.1 yF, 2 kV) to  a Brookdeal 9502 lo c k - in  a m p lif ie r. 
T y p ic a lly , in te g ra to r time constants o f 0.1 to  10 s were used, A comparison 
o f the measured perturbations in  COg and laser mixture (COg-Ng-He) discharges 
is  shown in  Figure 8.21. The fra c tio n a l power pertu rba tion  fo r  fou r 
d if fe re n t gases fo r  va ria tio n  o f the probe beam irrad iance  is  demonstrated 
fo r  one e x c ita tio n  condition (10 mA).
Absorption was determined in  cases (c) and (d) and gain in  cases (a) 
and (b) by the p o la r ity  o f the e ffe c t ;  th is  was confirmed by o p tica l 
measurements w ith  the LTT detector. A change o f sign between absorption and 
gain is  a n tic ipa ted  by the theory and the derived re la tio n sh ip  (from (7 .37)) 
is  ju s t
2irr. L a i
aP. -  ± — ■ ■ ■ . . . . . . . . . . .  (8 .5)
( V ^ d ls  + 
o r in  fra c tio n a l power terms
—  -  ± Z i L f J      (8 .6 )
Pin ( V ^ d is  + 1) P in/L
where the - sign (lower h a lf  o f 8.21) represents absorption and + sign (upper 
h a lf  o f 8.21) represents gain. Some q u a n tita tive  measure o f the absorption/gain 
can be seen immediately from Figure 8.21 but the d iffe rences are compressed 
by the P/L va ria tio n  due to the large pressure v a ria tio n . Some sa tu ra tion  
o f the low pressure (COg 0.5 to r r )  absorption (a) w ith  beam irrad iance  ( I )  
is  evident w ith  probe powers > 20 W/cm^. This e ffe c t is  due to the substan tia l 
depletion o f 10°0 leve l by absorption population. A low density o f CO^  
molecules in  any excited  s ta te  e x is ts  fo r  room temperature low pressure CO^  
and the large amount o f COg d issoc ia tion  ( fo r  th is  e x c ita tio n  cond ition) 
reduces the COg density by ^ 50%. A ll o ther gases ( i . e .  pure COg a t pressures 
above 8 to r r  and laser m ixtures above 5 to r r )  were found to  be in  the small
ÛT
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Fi g. 8.21 The fra c tio n a l in p u t power perturbation v a r ia tio n  from a
va ria tio n  o f  probe beam irrad iance  (10P(20) lin e  centre s ta b iliz e d ) fo r  (a)
3 COg, 4 Ng, 12 He ( to r r ) ,  (b) COg 3 to r r ,  (c) COg 0.5 to r r ,  and (d) COg 
20 to r r  a i l  fo r  10 mA cc e x c ita tio n .
5 10 
POSITIVE COLUMN LENGTH (cm)
Fig . 8.22 The inpu t power change aP^ .^  as a function o f p o s itive  column length 
fo r  1 to  8 W probe beam power (8 - 64 W/cmf).
155
signal regime (unsaturated) below 100 W/cm”  ^ fo r  s u ff ic ie n t e x c ita tio n . The 
optogalvanic technique allows simple e le c tr ic a l measurement o f gain/absorption 
sa tu ra tio n ; i t  is  c le a r ly  seen here th a t COg a t 3 to r r  fo r  10 mA e xc ita tio n  
e xh ib its  ga in , and th is  behaviour w i l l  be investigated in  d e ta il la te r .
L i t t le  sa tu ra tion  o f a ( I )  occurs fo r  higher pressures (> 5 .to r r )  o f 
COg i f  the crossover e xc ita tio n  from absorption to  gain is  avoided. Linear 
dependence o f inpu t power change aP^ .^  w ith  po s itive  column leng th , probe 
beam irrad iance  and absorption c o e ff ic ie n t was predicted by (8 .4 ). Figure 
8.22 shows the input power change fo r  absorbing COg a t 10 to r r  which was 
discharged w ith  an inpu t P/L o f 0.9 W/cm fo r  many values o f probe beam 
power up to  8 W and varying lengths o f p o s itive  column. L in e a r ity  o f both 
length and irrad iance  o f b e tte r than 5% was found. A transverse p o s itive  
column (orthogonal to the probe beam) produced a power pertu rba tion  equiva lent 
to a col inear discharge 8.5 ± 1.2 mm long which was consisten t w ith  the 
estimated discharge thickness (by observing the v is ib le  glow). Rearranging 
equation (8 .5) in  terms o f absorption c o e ffic ie n t the fo llo w ing  re la tio n sh ip  
is  obtained
a = APjn ( V ^ d is   (8 .7)
L^ LASER
because = I it r^^ . For a P/L 1, t^^^ 100 C. A su ita b le  value
o f absorption is
a = 1.7 ± 0.07 X lOT^cmT^ (8.8)
Hot COg absorption measurements w ith  these laser beams have been made and 
were reported in  section 5.11. The room temperature (300 K) and 500 C 
absorption co e ffic ie n ts  a t 10 to r r  are 1.5 x 10”  ^ and 10~^cm"^ respective ly . 
These measurements requ ire , fo r  a 50% COg d issoc ia tion , a discharge 
temperature o f ^  100 C. The precise value cannot be determined unless the 
d isso c ia tion  is  accurately known. The absorption was measured o p t ic a lly  
w ith  the LTT detector and found to  be < 0.1% cm"^.
When the tube f i l l i n g  consists only o f COg, in  the pressure range A, 1
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to  20 to r r ,  e ith e r gain or absorption can occur dependent upon e x c ita tio n . 
Figure 8.23 shows the optogalvanic signal A i / i  which fo r  5 to r r  COg rises 
c h a ra c te r is tic a lly  a t low currents (due to  the increasing c i r c u i t  
a m p lifica tio n  fa c to r G »  1). The tra n s it io n  from absorption to gain occurs 
as 5 mA discharge current. The optogalvanic phase shows a s h i f t  from in  
phase w ith  the chopped ra d ia tio n  f ie ld  (a t high current) to  f u l ly  out o f 
phase a t low current. The theory p red ic ts  th a t absorption should cause gas 
heating and consequent decreased discharge impedance and e ith e r  lower voltage 
or higher curren t. When the discharge provides gain the gas is  cooled (as 
in  the o s c il la to r  case) and the r is in g  impedance causes increased voltage 
or decreasing curren t. The o p tica l measurement o f gain/absorption confirmed 
th is  behaviour; zero net gain occurred a t ~ 5.5 mA. The A i / i  signal in  the 
low curren t regime was large but had large noise flu c tu a tio n s . The 20 to r r  
COg A i / i  signal shows gain a t currents below ~ 10 mA and the phase change 
behaviour was s im ila r  to  the 5 to r r  case. However, no large absorption 
signal was seen because the absorption gain tra n s itio n  occurs a t a s u f f ic ie n t ly  
high current where the c i r c u i t  a m p lifica tio n  fa c to r G was approximately 1.
Large A i / i  signals due to  gain are seen, however, a t comparably low currents 
~ 1 mA where G & 10.
The external c e ll pressure was varied fo r  cc e x c ita tio n  in  order to  
study how COg discharges behave over a wide pressure range. This experiment 
was useful in  assessing su ita b le  pressure fo r  operating external c e lls  fo r  
s ta b iliz a t io n  e rro r signal sources. Currents from 1 mA to 50 mA were 
inves tiga ted ; the 10 mA e x c ita tio n  curve is  shown in Figure 8.24. A t 0.5 
to r r  the gas was c le a r ly  in  absorption ( - tt phase w ith  respect to  the beam) 
whereas a t 3 to r r  i t  was in  gain. Such small changes o f gain are not e a s ily  
observed by o p tica l methods and the optogalvanic detection o f small changes 
o f absorption or gain provided simple d ire c t measurement over the pressure 
range 0.2 to 40 to r r .  Curve A shows the fra c tio n a l discharge power 
pertu rba tion  (AP^^/P^^) due to  a 16 Hz chopped beam (and phase se n s itive  
d e te c tio n ); curve B shows the signal phase. At 10 mA the tra n s itio n s  from
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Fig. 8.23 The optogalvanic phase and signal (.A i/i) as a function  o f 
e xc ita tio n  current fo r  cv e x c ita tio n  w ith  10 kn b a lla s t resistance. The 
signal A i / i  has been normalized fo r  1 m length o f p o s itive  column and is  
shown as a percentage. The gas f i l l i n g s  represented are (a) 5 to r r  COg, 
(b) 20 to r r  COgs and (c) lase r m ixture 1 Xe, 3 COg, 4 Ng, 18 He ( to r r ) .  
The crossover between gain and absorption occurs a t 'x- 10 mA and 5 mA fo r  
5 to r r  and 20 to r r  COg respective ly . The laser mixture is  in  gain a t a l l  
currents above 1 mA.
abs.abs. gain
C O , 10mA c c
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Fig. 8.24 The va ria tio n  o f fra c tio n a l power change AP^^/P^^ and power change 
phase w ith  a va ria tio n  o f COg pressure fo r  a laser probe beam o f 1 W. The 
laser was lin e  centre s ta b iliz e d  to  10P(20).
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absorption to  gain and gain to  absorption occur a t 8 and 2.5 to r r  
respective ly  w ith  reducing pressure.
The narrow gain pressure condition is  probably due to the se lec tion  o f 
a su itab le  d issoc ia tion  equ ilib rium . This w i l l  generate both s u f f ic ie n t  
CO fo r  pumping o f the asymmetrical s tre tch  mode population and also maintain 
a s u f f ic ie n t  COg population to  be excited in to  oon leve ls . D if fe re n t 
e x c ita tio n  resu lted in  a sh ifte d  gain band and in  general, the gain band 
is  w ider and s h ifte d  to  higher pressures w ith  lower currents. Because the 
CO is  only generated by e le c tr ic a l d issoc ia tion  in  the discharge and the 
gain pressure band is  determined by the precise p a r t ia l CO pressure the 
exact behaviour depends on tube geometry.
oo onEarly operation * o f cw COg lasers did not u t i l iz e  Ng v ib ra tio n a l
pumping o f COg but depended upon d issocia ted CO v ib ra tio n a l e x c ita tio n . The
behaviour o f COg discharges over a wide pressure change was not studied in
d e ta il but optogalvanic behaviour shown in  Figure 8.24 shows (a) the
expected increase in  power pertu rba tion  AP/P over the range 10 to  20 to r r
where the absorption is  r is in g  and then saturates due to  pressure broadening
(Chapter 5) and (b) above the sa tu ra tion  p o in t large va ria tions  o f the AP/P
signal were measured = - 4 to -  8 x 10~^. These changes were reproduced in
two d if fe re n t tubes w ith e x c ita tio n  above 6 mA. The de ta iled  behaviour
(maximum 20 and 30 to r r ,  minimum A, 26 to r r )  varied v/ith discharge curren t
and the ove ra ll e ffe c t was to  reduce the AP/P signal a t pressures > 30 to r r ;
th is  decrease vas la rg e r fo r  high currents. This e ffe c t could be due to
1 7 8  1 7Qc o n s tr ic tio n  o f the discharge ’ because the p o s itive  column glow v is u a lly  
appeared to  c o n s tr ic t above 20 to r r .  C onstric tion  causes changes o f inpu t 
power and ra d ia l temperature p ro f i le .  The fra c tio n a l power change AP^^/P^^ 
is  se n s itive  to  both these parameters.
From the analysis forming the theory in  Chapter 7 and from the 
s im ila r ity  o f the apparatus i t  is  expected th a t fo r  a given lase r ra d ia tio n  
f ie ld  w ith  fixe d  discharge conditions (tube rad ius, m ixture, pressure, 
e x c ita tio n ) the external discharge ce ll should show the s im ila r  inpu t power
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perturbations to  the o s c il la to r  discharge. I t  is  convenient to  define a 
new parameter (P^OST) which is  ju s t  the power lo s t to  the ra d ia tio n  f ie ld  by 
stim ulated emission from the discharge. In the o s c il la to r  case th is  is  ju s t
PLOST = -  I  S/2 A ............................ ...................................(8 .9 )
in  terms o f the beam irrad iance  ( I ) .  This qu an tity  is  the energy loss term 
(from (7 ,4 )) due to  stim ulated emission. In terms o f the lase r output power 
(from (7.28)) the lo s t power is
P, nsT = - i  ( L ± l )  PqUT .......................................  (8.10)
2 (1 -  R)
where R is  the output coupler r e f le c t iv i t y  and is  the lase r output beam 
power. S im ila r ly  fo r  the external discharge (a m p lif ie r)  the lo s t power 
(from (7 .34)) is
’’ lost "  ■ ’"'b^ L a I e°L ............................   (8.11)
where the beam irrad iance  is  I ,  discharge length L and gain c o e ff ic ie n t a.
Expressed in terms o f the input laser beam power (probe beam)
PlosT = “ « L P    . . . . .  (8.12)
aLwhere the approximation e = 1 has been used. For short a m p lifie rs  the 
approximation is  v a lid  to  b e tte r than 5%.
With the proviso th a t P|_q3 j  is  l ik e ly  to  be la rg e r fo r  o s c il la to rs
compared to  small signal a m p lifie rs  i t  is  expected from the theory th a t the
re la tio n sh ip  between the inpu t power change AP.^ and the power lo s t P[_o$j 
should be preserved fo r  the two s itu a tio n s  ( i .e .  o s c il la to r  and small signal 
a m p lif ie r ) .  The exact re la tio n sh ip  o f these q u a n titie s  is  f i r s t  fo r  the 
o s c il la to r  (from (7.29))
AP. = 1 1 U Ü _______ÜM _____ = ( t * / t d i s  + PLOST ( 8 . ’ 3)
2(1 -  R) ( y t j ^ 3  + 1)
and fo r  the a m p lif ie r from (7.37)
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APin = ....  = ( V ^ d i s  + PLOST ' ‘ ' (8 -14 )
( V ^ d is  + 1)
because the laser beam power P = wr^^I by d e fin it io n  o f the beam irrad ia nce . 
The constant o f p ro p o rtio n a lity  re la tin g  aP^ .^  and P^^^y is  the gas 
temperature term which is  centra l to  th is  theory + 1 )"^ ; i t  is
dependent on e x c ita tio n , pressure m ixture and wall temperature, and the 
value fo r  typ ica l lase r discharges l ie s  in  the range 0,5 < ( t ^ / t ^ . ^  + 1 )” ^
< 0.8. This temperature fa c to r is  not gain dependent because the gain 
parameter is  e ith e r  e x p l ic i t  in  the a m p lif ie r  equation or im p l ic it  in  the 
o s c il la to r  equation (equal to  the losses fa c to r ) . The experimental 
measurement o f th is  quan tity  is  shown in  Figure 8.25 fo r  a gas m ixture o f 
1 Xe, 3 COg, 4 Ng, 16 He to r r  w ith  10 mA e xc ita tio n  and a w all temperature 
o f 280 K. The s o lid  lin e  represents the th e o re tica l p red ic tion  based on 
the value o f discharge temperature = 110 C. The close correspondence
o f both the o s c il la to r  and a m p lif ie r values w ith  the th e o re tica l slope show 
the considerable power and precis ion o f the pov/er perturbation  theory th a t 
has been developed. The agreement o f the theory (Chapter 7) w ith  experimental 
evidence has been established over approximately fou r orders o f magnitude 
fo r  both the laser o s c il la to r  and external gain c e ll.
9.0 STANDING WAVE SATURATION RESONANCES OF THE COg 10.6 yrii TRANSITIONS 
IN  AN INTRACAVITY COg CELL
When low pressure COg absorbs a s u f f ic ie n t ly  high in te n s ity  resonant 
COg lase r standing wave the re su ltin g  00°1 ->• 00^0 fluorescence w i l l  be 
saturated. A t the tra n s it io n  lin e  centre the saturated 10 ym absorption 
(and the re su lta n t 4.3 ym fluorescence) can e x h ib it a Lamb dip^^^ which 
can be used as a narrow frequency d iscrim inan t fo r  laser s ta b iliz a t io n . 
Conventionally, the COg Lamb dip has been detected by op tica l means w ith  a 
4.3 ym photodetector such as InSb o r AuzGelGO and in  these experiments i t  
has been detected fo r  the f i r s t  time e le c t r ic a l ly  by the optogalvanic e ffe c t .
The HeNe lase r was the f i r s t  laser to  be s ta b iliz e d  by locking the laser
Fig. 8.25 The va ria tio n  o f Input power change due to  stim ulated emission 
In a COg lase r o s c il la to r  (o) and small signal a m p lif ie r (□ ). The gas composition 
was 1 Xe, 3 COg, 4 Ng, 16 He ( to r r )  and the discharge curren t was 16 mA. The 
small signal gain was o p t ic a lly  measured to be 5 x lOT^cm"^ and th is  value was 
used to  ca lcu la te  P|_q3 j  fo r  the 9.3 cm a m p lifie r. The lase r discharge used a 
25 cm active  length and a 90% r e f le c t iv i t y  output coupler. The s o lid  lin e  
represents the ca lculated values from equations (8.13) and (8.14) developed from 
the power pertu rba tion  theory presented in  chapter 7.
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Fig. 9.01 The experimental apparatus used to  detect 00 1 - 000 fluorescence 
and low pressure OGE by In se rtio n  o f an In tra ca v tty  gas c e ll In  a stab le  COg 
lase r. The components are as fo llow s: (PSD) - Brookdeal 9502 lo ck -in  a m p lif ie r ,
(D) Brookdeal XI00 p re a m p lifie r, (DET) Mullard RPY37 InSb 77 1< photodetector,
(F) Ge f i l t e r ,  (B) KCl Brewster windows, (W) Calcium Alumlnate window, (RG)
300 s lin e a r  ramp generator, (HVA) Burleigh PZ81 high voltage a m p lif ie r , (s) 
m ixer, (OSC) variab le  frequency ac source, (PZT) Lansing p ie z o e le c tr ic  tra n s la to r , 
(0) output coupler Ge o r ZnSe 85%, 90% or 98%, (M) gold to ta l re f le c to r ,  (a) 
discharge anode, (k) discharge cathode.
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ca v ity  to  a Lamb and o ther absorptive gases w ith  accidental frequency
coincidence have been used fo r  s tab illzatlon^^^*^^^® ^^^'*^^'^. The use o f 
saturated resonances In gases other than COg has been s u c c e s s f u l b u t  
i f  each o f the COg lines  1s to  be s ta b iliz e d  then the use o f  COg as a 
saturated absorber is  required. A t room temperature there Is  a small thermal 
lower lase r level population which Is excited In to  the upper lase r leve l 
(00°1) by resonant absorption; subsequently, enhanced 00^1 00°0 spontaneous
fluorescence occurs (In  a ll  the V-R lin e s  due to the close ro ta tio n a l coupling) 
Tuning a laser across i t s  gain p ro f i le  resu lts  In a doppler lin e  p ro f i le  being 
generated by op tica l detection o f the 00°1 ^  00°0 y ie ld .
The absorption llneshape a t low pressures Is predominantly doppler 
(v e lo c ity )  broadened; the natura l absorption frequency o f a molecular 
tra n s it io n  Is doppler s h ifte d  due to  the tra n s la tio n a l v e lo c ity  o f the 
p a r t ic u la r  molecule. As a narrowband lase r source Is tuned across the 
absorption l in e ,  sets o f molecules o f d if fe re n t v e lo c it ie s  are selected ( fo r  
absorption) from the Maxwellian v e lo c ity  d is tr ib u tio n  and th e ir  I n i t i a l  s ta te  
population Is depleted ( I f  the laser beam Is  s u f f ic ie n t ly  in tense ). For a 
standing wave beam (which can be constructed from two tra v e llin g  waves In 
opposite d ire c tio n s ) only the set o f molecules w ith  zero v e lo c ity  component 
along the axis w i l l  absorb both d ire c tio n  beams. This re su lts  In the standing 
wave sa tu ra tion  e ffe c t f i r s t  described by Lamb which produces a narrow 
absorption minima occurring a t the lin e  centre o f the absorbing tra n s it io n .
The major reasons given fo r  using these saturated resonances fo r  
s ta b iliz a t io n  references are the fa c t th a t the spectra l feature  Is not 
s ig n if ic a n t ly  pressure broadened and because re la t iv e ly  good signal to noise 
ra tio s  ( fo r  the 00°1 -j- 00°0 s ign a l) have been achieved by simple o p tica l 
construction . The absorption c e ll Is usually  operated In the pressure range 
5 m torr to  0.8 to r r  w ith  a lase r power o f ~ 1 mW to  1 W (see Chapter 5).
The lase r Irrad iance cannot be too high because th is  can Introduce power 
broadening o f the d ip ; consequently, the use o f an external detection system 
(w ith  forward and re fle c te d  beam) may be Indicated fo r  high power, high
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e ffic ie n c y  lasers. The sp e c ific  technological app lica tions o f the OGE 
system would be to  provide improved s ta b i l i t y  o f the e x is tin g  conventional
system o r more s ig n if ic a n t ly ,  the OGE s ta b iliz a tio n  o f a CO^  waveguide
1RRlaser to a narrow frequency spectral f e a t u r e ; r e c e n t ly  a COg waveguide 
laser w ith  a wide gain p ro f i le  500 MHz) has been OGE stab ilized^^G  to  
laser l in e  centre using a s im ila r  {non-saturated ) system fo llo w ing  the 
descrip tion  in  the pub lica tions repo rting  th is  work (Appendix 2).
Figure 9.01 shows the experimental system used here to  inves tiga te  the 
saturated absorption signals (4.3 ym spontaneous emission and OGE), The 
secondary in tra c a v ity  gas c e ll was constructed in  a s im ila r  manner to  the 
external c e ll described in  Chapter 8 and l ik e  the lasers i t  was constructed 
o f quartz w ith  a Pt tu b u la r side arm cathode, tungsten anode and f i t t e d  w ith  
KCl Brewster windows a t e ith e r end and an in fra red  glass side window fo r  
viewing the s id e lig h t. A liq u id  n itrogen cooled InSb detector was used w ith  
an in tra c a v ity  chopper and Brookdeal 9502 lock?in a m p lif ie r . The PZT which 
mounted the laser output coupler ( r e f le c t iv i t y  85% to 98%) was fed w ith  a 
dc ramp voltage ( l in e a r ity  b e tte r than 5%) w ith  which could be mixed a 
small ac s igna l. When ac length modulation was used, th is  signal provided 
the PSD reference signal and the beam chopper was removed.
The laser signature was re a d ily  detected by ramping the resonator 
length and observing the to ta l 3 to 5 ym s id e lig h t. Figure 9.02 shows two 
peaks 10P(20) and 10P(14) in the s ignature both e x h ib itin g  Lamb dips w ith  a 
0.2 to r r  COg f i l l i n g  a t 20 C. The Lamb dip f u l l  w idth a t h a lf depth v/as 
measured to  be 2.7 ± 0.52 MHz a t th is  pressure. The laser frequency scan 
ra te  was 400 kHz/s and the PSD in te g ra tio n  time constant was 1 s ; th is  
re su lts  in ~ 500 kHz spectra l re so lu tio n . For 1 s in te g ra tio n  the PSD 
output S/N was 5 dB and the Lamb dip depth was 'v 3% fo r  an in tra c a v ity  
power o f 25 W. For a constant in tra c a v ity  power leve l the dip broadened 
and became shallow when the c e ll pressure was increased disappearing a t 
~ 0.75 to r r .  Figure 9.03 shows the e ffe c t o f pressure change on the Lamb 
dip parameters. The re la t iv e  depth decreases and the width increases w ith
20MHz00^ 1— OO'^ O 0 .2 torr CO^ 
25W , 20C
10%
10P20 Y10P14 1GP20 V10P14
noise level
F ig. 9.02 00°1 - 00°0 saturated resonance spectra obtained by l in e a r ly  
tra n s la t in g  the laser length .tw ice by 2.7 ym. The to ta l laser length was 
1.2 m and the peak in tra c a v ity  power was ~ 25 W.
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Fig . 9.03 The va ria tio n  o f the 00°1 4 . 00°0 fluorescence Lamb dip parameters 
(depth and w idth) w ith  the va ria tio n  o f COg c e ll pressure fo r  a 25 W beam 
w ith  a 1 /e  radius ~ 2 . 2  mm.
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190pressure in  lin e  w ith  p red ic tions o f previous workers , The Lamb dip 
pressure broadening was 4.5 MHz/torr (34 kHz/Pa) in  reasonable agreement 
w ith  other inves tiga to rs  such as Freed and Javan (3.7 MHz/torr) and Woods 
and J o l l i f f e  (11.6 M H z/torr). The extrapolated zero pressure dip w idth was 
~ 1.5 MHz. The power broadening fo r  the 25 W beam appears to  be small 
< 1 MHz by comparing the observed dip widths to the 'zero power' value 
given by Woods and J o l l i f f e .  The reso lu tion  o f the experiment was not 
s u f f ic ie n t  to  measure th is  parameter; a reasonable upper l im i t  would be 
50 kHz/W.
The purpose o f demonstrating these features o f the 00°1 00^0
flourescence s ta b iliz a t io n  system here is  to provide a d e ta iled  baseline
fo r  comparison o f the OGE system described in 9.1. The lase r could be
s ta b iliz e d  by the fluorescence technique to e ith e r the Lamb dip (a t pressures
below 0.6 to r r )  or to  the peak ( fo r  pressures between 2 and 0,8 to r r )  w ith
time constants l im it in g  the servo response to  greater than 10 seconds. No
improvement over the conventional OGE system was observed and the considerably
in fe r io r  signal to noise ra t io  resu lted in  an amplitude s ta b i l i t y  o f 2%.
Some improvement may be made by using a hollow m eta llized re f le c to r  mounted
on the discharge tube to  d ire c t more l ig h t  in to  the small detector. The
system used here was not adequate to  provide s u ff ic ie n t low noise s igna ls .
I t  is  known^^^*^^^*^^^ th a t the technique is  a d i f f i c u l t  one re qu iring
192considerable preparation. Freed and O'Donnell suggested th a t carefu l 
experimental refinement was necessary to  improve the signal to  noise ra t io s ; 
th is  was also the conclusion o f th is  experiment. I t  was possible here, 
however, to  measure beam frequencies and id e n tify  tra n s itio n s  (Chapter 5.12) 
but to  detect small amplitude modulation (as required fo r  active  s ta b iliz a t io n )  
in te g ra tio n  times (10 to  100 s ) were required.
In general, the lase r l in e  centre frequency corresponded w ell to  the 
Lamb dip centre frequency. The laser s ta b iliz e d  as above a t the Lamb dip o f 
10P(20), 10P(14) and 10P(26) showed a maximum mean d iffe rence  frequency when 
compared w ith  a conventional OGE lin e  s ta b iliz e d  laser o f -  0.8 MHz. The
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averaged frequency d iffe rence was 640 ± 720 kHz; the laser lin e  centre being
high frequency w ith  respect to  the Lamb d ip . The d iffe rence  between the Lamb
dip centre and laser lin e  centre is  small (< 1 MHz) and no strong dependence
1 q ion e x c ita tio n  or pressure could be found.
9.1 OPTOGALVANIC DETECTION OF 9 TO 11 ymV-R TRANSITION STANDING. WAVE 
RESONANCES
Using a low pressure discharge to  detect rad ia tion  re su lts  in  two major 
problems: the low energy absorption implying small optogalvanic pertu rba tions 
and the increased discharge noise apparent a t pressures below 1 to r r .  This 
section w i l l  deal la rg e ly  w ith  the detection o f high in te n s ity  chopped beams 
in  order to describe the operating ch a ra c te ris tic s  o f th is  new system and 
then show some pre lim inary attempts a t Lamb dip OGE s ta b iliz a t io n .
I t  was shown in Chapter 8 (see Figure 8.24) th a t low pressure COg 
discharges are weakly absorptive and a small negative optogalvanic signal 
occurs due to  the k in e tic  heating o f the gas. I t  has also been shown th a t 
fo r  low pressures (;  ^ 0.5 to r r )  the absorption (and hence OGE) saturates a t 
moderate laser beam powers (< 100 W). Figure 9.11 shows the voltage change 
in  the in tra c a v ity  gas discharge (a t 0.6 to r r )  due to the absorption o f the 
lase r beam. The voltage change fo r  a fix e d  curren t (5 mA) is  presented; 
th is  e x c ita tio n  produced the maximum signal to  noise ra t io .  The saturated 
value occurs fo r  AV ~ 0.5 V corresponding to  a fra c tio n a l power pe rtu rba tion  
AP i^/P i^ = 2 X 10"^ which is  50% lower than expected from Figure 8.21. The 
experimental resu lts  in  Chapter 8 used a 16 Hz chopping frequency. The OGE 
was found to  decrease in  value fo r  frequencies above 'v 100 Hz, fo r  th is  
pressure o f CO^ s and the 16 Hz value comparing the external c e ll w ith  in te rn a l 
c e ll agreed to  w ith in  10%. This em pirica l low frequency reduction suggests 
th a t the 00°1 re laxa tion  time 10 ms. Assuming 50% COg d isso c ia tion
and a gas temperature o f 100 C the re laxa tion  time o f 00°1 leve l was 
ca lcu la ted  to  be 6 ms; the decay frequency f  gTOO°i was ca lcu la ted  to  be 
150 Hz. COg pressures down to approximately 0.5 to r r  produce re la t iv e ly
0.5
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Fig. 9.11 The va ria tio n  o f the o p t ic a lly  induced voltage change AV w ith  the 
va ria tio n  o f the laser output power up to  1 W. The output coupler r e f le c t iv i t y  
was 98%: the re fo re : in tra c a v ity  standing wave power varies up to  100 W. The 
sa tu ra tion  voltage change fo r  a 5 mA current was 0.43 V and the h a lf 
sa tu ra tion  voltage (AV^^j/2) and standing wave power were 215 mV and
8 W fo r  0.6 to r r  COg pressure. The lase r beam was chopped a t 220 Hz and a 
Brookdeal 9502 lo ck -in  a m p lif ie r  was used fo r  detection.
3002000 100
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Fig. 9.12 The va ria tio n  o f the noise voltage spectra received in to  a 1 Mo 
resistance from the in tra c a v ity  discharge tube w ith various gas f i l l i n g s .  The 
logarithm ic scale is  re fe rred  to the undischarged noise le v e l. The curves 
represent the fo llo w ing  cond itions : (a) 0.1 to r r  COg, (b) 0.2 t o r r  COg, (c)
0.3 to r r  COg, (d) 0.5 to r r  COg, (e) 2 to r r  COg, ( f )  0,2 to r r  COg + 0.3 to r r  Ng 
a l l  discharged a t 2 mA.
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q u ie t de discharges w ith  th is  electrode geometry and w ith  the lase r f i t t e d  
w ith  a 98% output coupler the laser absorption tra n s it io n  is  w ell saturated 
w ith  1 W output power. The h a lf sa tu ra tion  standing wave power was 8 W 
corresponding to  an output power o f 80 mW.
OGE laser signatures can be obtained w ith  these conditions and they 
show no Lamb dips a t pressures above 0.8 to r r .  This was expected a t these 
pressures because detection o f the 4.3 ym fluorescence dip above 0.6 to r r  
was d i f f i c u l t  although COg d issoc ia tion  occurs, re su ltin g  in  50% COg loss , 
i t  appears th a t the dip broadening due to  the 0^ and CO was s u f f ic ie n t  to  
prevent the presence o f a Lamb d ip .^^^  The COg pressure cannot be reduced 
s ig n if ic a n t ly  below 0.6 to r r  because s tr ia t io n s  form, and the e le c tr ic a l 
discharge e xh ib its  severe e le c tr ic a l noise in  the audio frequency band.
The problem o f e le c tr ic a l noise in  low pressure molecular discharges
is  complicated and sparsely d ea lt w ith  in  the l ite ra tu re . There has been
considerable in ve s tig a tio n  o f HeNe laser discharges^^^’ ^^^ ’ ^^^ and the major
in te re s t has been the co rre la tio n  o f the e le c tr ic a l noise w ith  output beam
modulation^^^. The nature o f the previous inves tiga tions  resu lted in  inconclusive
evidence due to the va rie ty  o f discharge geometries (co n fig u ra tio n s ). The
general conclusion is ,  however, th a t s tr ia t io n s  must be avoided in  order to
maintain a low noise discharge; and th a t the re la t iv e  noise fig u re  increases
199w ith  decreasing pressure in  the range 0.05 to  0.5 to r r .  Several authors 
studying CO^  have also observed th a t a threshold current ( fo r  a given 
pressure) ex is ts  above which noise is  markedly increased. This threshold 
cu rren t s h if ts  to  lower values fo r  lower pressures. Typical values in  
these experiments were 4 to 10 mA depending on pressure and composition. 
A d d it io n a lly , a l l  currents below 0.5 mA fo r  the low pressure (< 1 to r r )
COg discharges were p a r t ic u la r ly  noisy in  the very low frequency band 
< 50 Hz; large noise spikes ~ 1 to  10 V occurred at, ir re g u la r  in te rv a ls .
This behaviour may have been due to  the power supply and b a lla s t e x c ita tio n  
c i r c u i t .
The threshold curren t fo r  1 to r r  COg was 3 mA and a l l  measurements
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were made w ith 1.0 mA < < 5 mA ( i .e .  in  the low noise curren t window).
Figure 9.12 shows noise measurements o f the various discharges made w ith  
the HP8557 audio frequency spectrum analyzer. The mains harmonic noise 
usua lly  dominates and the curves between the harmonic po ints are in  some 
cases h igher than the narrow bandwidth noise values. For th is  e x c ita tio n  
condition  (2 mA cc) there is. a c lea r increase o f noise as pressure decreases 
in  the usable OGE detection bandwidth (10 to  500 Hz). For example, the 
0.1 to r r  noise a t 100 Hz is  50 dB higher than 2.0 to r r .  The noise value 
in th is  fig u re  is  taken re la t iv e  to the undischarged noise received w ith  
the c e ll screened in an aluminium box. Figure 9.13 shows how fo r  2 to r r  
(s im ila r  to 9.12(e)) the noise increases by up to  10 dB over the whole band.
In some cases, however, the received noise decreases when the discharge 
is  running (9.12(d) and 9 .1 2 ( f) ) .  This reduction o f noise can be understood 
in the fo llo w ing  way. The cathode is  f lo a tin g  (the anode is  earthed a t 
the psu) when the c e ll is  undischarged. Mains re la ted  and other electrom agnetic 
ra d ia tio n  was received and ty p ic a l hum voltages a t 100 Hz are ~ 10 yV to  
1 mV. When the discharge is  running, a low impedance (~ 100 kQ) e x is ts  
between the electrodes. I f  the power supply r ip p le  and 'd ischarge 
flu c tu a tio n s ' are small compared to  the pickup then a noise reduction due 
to the lower source resistance would be recorded. There may also be some 
antiphase discharge flu c tu a tio n  component.
In the case o f a p a r t ic u la r ly  q u ie t discharge and psu th is  noise 
reduction behaviour can be observed (even in 20 to r r  lase r discharges). In 
th is  l im i t  OGE S/N w i l l  be very high and the ^ 0.5 to r r  OGE was found to  
have acceptable S/N fo r  the generation o f good signatures w ith  in te g ra tio n  
times o f a few seconds. There is  a general peak o f noise in  the 100 to  
500 Hz band which s h if ts  to  h igher frequencies and broadens as the pressure 
decreases below 1 to r r .  The 0.5 to r r  noise spectrum shows a 150 Hz peak o f 
mains re la ted  noise. A d d it io n a lly , there is  a s tr ia t io n  re la ted  noise band 
~ 5 to  20 kHz which s h if ts  frequency and bandwidth w ith  pressure in  the 
range 0.05 to  0.3 to r r .
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I t  is  demonstrated in  9.12 th a t additions o f Ng can produce large 
reductions o f noise at low to ta l pressures. By u t i l iz in g  approximately 1:1 
mixtures o f COg:Ng, reductions o f a t lea s t 20 to  30 dB a t a l l  pressures 
below 0.8 to r r  were obtained. Buffering  the COg w ith  He or Xe conversely, 
increased noise by 30 and 10 dB respective ly  fo r  a 1:1 m ixture at 0.5 to r r  
to ta l pressure. .
Some in ve s tig a tio n  o f the noise spectrum outside the 50 to  500 Hz 
regime was attempted. F ir s t ly ,  as long as currents are c a re fu lly  chosen, 
noise does not r is e  s u b s ta n tia lly  below 50 Hz down to  ~ 5 Hz; the reso lu tion  
o f the spectrum analyzer made lower frequency inve s tig a tio n  u n re liab le . 
Likewise, low noise behaviour up to  50 kHz was observed fo r  su ita b le  (2 mA,
0.2 COg, 0.3 Ng) discharges apart from some o s c il la to ry  bands (~ 10 kHz). 
Because the OGE bandwidth is  re s tr ic te d  fo r  the lov/ frequency e ffe c t  to  
an upper l im i t  o f 300 Hz the noise spectrum a t higher frequencies was 
not investiga ted . An OGE signal a t high frequencies re la ted  to  the 01°0 
V“ T process (see Chapter 6) should be observable but i t  was not possible 
experim entally to  chop the rad ia tion  f ie ld  fa s te r than 300 Hz. Small 
s ignal 2%) ac modulation did not produce s u f f ic ie n t ly  large OGE signals 
a t these frequencies to  make q u a n tita tiv e  measurements.
In order to achieve both a stab le  low noise discharge a t a s u f f ic ie n t ly  
low pressure fo r  the detection o f a Lamb dip a COg:Ng gas m ixture has been 
ind ica ted . The e xc ita tio n  conditions required fo r  the lowest noise operation 
suggest a value below the noise threshold 6 mA fo r  th is  pressure) and 
above a c r i t ic a l  value 0.5 mA) set by the power supply curren t contro l 
system. A d d it io n a lly , the e q u ilib riu m  COg d issoc ia tion  must not be too 
large and in th is  respect lower values o f P/L are favoured. With the Pt 
cathode a reasonable estimate o f the e q u ilib riu m  d issoc ia tion  fo r  1 to  
2 mA curren t is  'v 50%. When Ng is  added the upper lase r leve l is  more 
e f f ic ie n t ly  excited and, the re fo re , the gas can e ith e r be in  gain o r only 
weakly absorptive. Figure 9.14 shows the optogalvanic spectrum obtained 
by re p e tit iv e  length scanning across the peak o f 10P(20) a t various pressures
200 300 400 500 
FREQUENCY (Hz^
Fig. 9.13 The noise spectrum fo r  2 to r r  COg, both discharged a t 2 mA (a) and 
undischarged (b ). The reso lu tion  was 30 Hz and the voltage re fe rred  to 1 mV 
in to  I  Mo.
5%
0.25 0.2 0.15
PRESSURE (torr)
0.30.4
F ig . 9.14 Various optogalvanic spectra o f 10P(20). lin e  centre a t pressures 
o f 0.15 to 0.4 to r r  o f 1:1 COg; Ng m ixture.
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No Lamb dip was observed w ith  the COgiNg to ta l pressure down to  300 m torr.
A t 250 m torr the peak was noticeab ly fla tte n e d  and a pronounced dip was 
v is ib le  below 220 mtorr. At 200 m torr the dip was 3 MHz wide a t h a lf  
depth and 2% deep. Reducing the pressure below 200 m torr resu lted , a t 
th is  cu rren t (2 mA), in  markedly increased noise (g rea ter by ~ 40 dB),
Some reduction (~ 15 dB) o f th is  noise was achieved by s e ttin g  the current 
to  ~ 0.7 mA. The optimum to ta l pressure fo r  Lamb dip detection was found 
to  be 0.2 to r r  and the e xc ita tio n  fo r  the best S/N was ~ 1.0 mA 
(P/L ~ 0.4 Ucm"').
In order to  s ta b iliz e  a laser only small amplitude length modulation is  
required and to  investiga te  the fe a s ib i l i t y  o f OGE Lamb dip s ta b il iz a t io n ,  
a 4 V pk-pk 20 Hz sine wave was mixed w ith  the 0 to  1 kV dc ramp voltage.
The tube voltage change was detected w ith  a lock -in  a m p lif ie r referenced 
to  th is  20 Hz s ign a l. The in tegra ted output o f the PSD in  th is  case was 
the f i r s t  d if fe re n t ia l o f the discharge voltage (d iscrim inan t) which is  
zero valued fo r  power tuning p o in ts ; i t  is  th is  voltage n u ll th a t the 
s ta b i l iz e r  servomechanism seeks. Figure 9.15 shoves the d iscrim inan t o f 
the 10P(20) peak a t 0.2 to r r  shown in  Figure 9.14, The in  phase signal a t 
the modulation frequency w i l l  be proportiona l to  the slope o f the gain p ro f i le  
a t the fixe d  operating p o in t, tending to  zero a t the dip centre and the two 
in tra c a v ity  power maxima. Three d is t in c t  zero values are shown in  Figure 
9.15. The centra l zero crossing is  the centre o f the Lamb d ip . The ac 
modulation signal produced approximately 700 kHz FM dev ia tion ; ty p ic a l ac 
tube voltage signals o f 0.1 to 1 mV were received and am p lified  by 60 dB 
using the Brookdeal 9502 and p re a m p lifie r. The time constant was 10 s. The 
PSD output c le a r ly  shows the phase change over a t the centre o f  the Lamb 
d ip . The lase r was tuned from - 4 to  + 4 MHz and as a re s u lt the whole lin e  
shape slope is  not shown, th is  length scan was achieved in  500 s.
Attempts to s ta b iliz e  the lase r a t the centre o f the Lamb dip d ire c t ly  
were not successful because .rapid perturbations occurred which resu lted in 
the servomechanism locking to  a minimum between two lin e  segments.
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I f  a low pressure COg OGE c e ll is  to  be used as a s ta b iliz a tio n  reference 
in preference to conventional OGE s ta b iliz a tio n  the fo llow ing  considerations 
must be made. Typical Lamb dip parameters (a t 100 W beam power) are 3 MHz 
width ( A  f^ )  and 1 to  3% depth. The equivalent power change fo r  l in e  centre 
s ta b iliz a t io n  ( fo r  25 to r r  laser discharge) occurs w ith  approximately 4 MHz 
frequency s h i f t .  The Lamb dip is  f u l l  width however, the re fo re , the 
comparative pressure broadened lin e  centre frequency s h i f t  (A f^^) is  8 MHz. 
The Lamb dip d iscrim inan t advantage fa c to r (FT) is  ju s t  given by the ra t io  
o f the frequency s h if ts .
Afb = (8 .0 /3 .0 ) ~ 2.7 .    (9 .1)
For the waveguide COg lase r where the pressure broadening is  much greater 
th is  fa c to r is  considerably larger^^^*^^^*^^^ (the typ ica l l in e  width is
.500 MHz (a t ~ 100 to r r ) )  and the comparative frequency s h i f t  fo r  1 to  2%
power reduction is  30 MHz, The d iscrim inan t advantage (F^) is  now
Fj = (60/3) 'v. 20     (9 .2)
The other major consideration is  the e rro r signal to  noise ra t io .  
F i r s t ly ,  a t low pressures (0.2 to 0.6 to r r )  the OGE signal is  much sm aller 
(< 10%) and the noise is  increased a t best by 8 to 10 dB a t the optimum 
modulation frequency ~ 175 Hz. The signal to  noise ra t io  fa c to r  F  ^ which 
is  a measure o f the a b i l i t y  to  s ta b iliz e  using the e rro r  s ignal source is  
given by the ra t io  o f S/N values fo r  the two cases ( i .e .  low pressure COg 
and lase r m ixture)
F = S/N(o_2 to r r )  ~ 0.05 o r -  40 dB ........................... (9 .3)
S/N(25 to r r )
A su ita b le  measure o f comparison o f the two systems is  the fig u re  o f m erit 
(G) cons is ting  o f the product o f the S/N fa c to r F^ and the d iscrim inan t 
fa c to r  F j. F ir s t ly ,  comparing the case o f 25 to r r  lase r lin e  centre versus 
Lamb dip s ta b iliz a t io n
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G = F/ 2  = 2.7 X 0.05 ~ 0.14 ...............................(9 .4)
and hence the performance should be ~ 7:1 in  favour o f lin e  centre s ta b iliz a t io n . 
Otherwise a longer in te g ra tio n  time constant is  required (e m p ir ic a lly :: 10 
times v/as needed) fo r  the same inform ation re tr ie v a l.  As a re s u lt a b e tte r 
passive s ta b i l i t y  design would be ind ica ted  in  order to  reach the same 
u ltim a te  performance. Taking the case o f the waveguide lase r and assuming 
the signal to  noise fa c to r F  ^ is  the same as in  the 25 to r r  case
G = 20 X 0.05 = 1 .............................  (9 .5)
in d ica tin g  th a t the performance would be s im ila r  fo r  both the Lamb dip 
s ta b iliz a t io n  and lin e  centre s ta b iliz a t io n . In p ra c tice , the discharge 
may w ell provide a d if fe re n t S/N ra tio . The discharge noise could have a
d if fe re n t value at high pressure and the OGE signal could be h igher fo r
la rg e r values o f gain and e ff ic ie n c y . This would suggest th a t there may be 
some small advantage in  using Lamb dip detection. However, due to the
considerable increase in complexity i t  is  probably not a p ra c tica l development.
For s ta b iliz a t io n  o f the waveguide lase r, advantage can be made o f the 
improved d iscrim inant width (F^) and a high signal to  noise ra t io  fa c to r 
(F^) by using a low pressure OGE c e ll w ith  pressures > 0.5 to r r  and using 
the narrower lin e  centre peaks ra the r than Lamb dips. Figure 9.16 shows a 
lase r signature detected w ith  the OGE c e ll f i l le d  w ith 0.2 to r r  COg, 0.3 
t o r r  Ng. Each lin e  peak shows a f a l l  o f 1 to  2% over approximately 2 MHz 
g iv ing  an F  ^ value o f ~ 32 w ith  a good signal to  noise ra t io  (because the 
pressure is  above the l im i t  fo r  s tr ia t io n s )  y ie ld in g  an F^ value ~ 1. In 
th is  case, w ith  low pressure ra the r than high pressure lin e  centre 
s ta b iliz a t io n  an advantage fa c to r G = 32 is  ind icated. This could provide 
a large improvement o f active  s ta b iliz a t io n  performance fo r  the waveguide lase r.
The OGE saturated resonance signals received down to pressures o f 200 m torr 
(when s u ita b ly  discharged w ith  Ng added) produced s l ig h t ly  b e tte r S/N than 
the InSb 4.3 ym flourescence s igna ls . In general, n e ith e r signals were
adequate fo r  high grade s ta b il iz a t io n , although the u t i l iz a t io n  o f l in e  centre
> 10P20I(/)
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Fig. 9,15 The f i r s t  d if fe re n t ia l (d isc rim inan t) o f the OGE 10P(20} signature 
shown in  Fig. 9.14 fo r  0.2 to r r  pressure. The d iscrim inant was detected by 
applying a small (4 V) ac modulation to the PZT during ramp length tra n s la tio n  
using a Brookdeal 9502 lock -in  a m p lif ie r to  detect the synchronous voltage 
changes fo r  across the discharge.
20M Hz
OGE SIGNATURE  
0.2 to rr  C O g ,0 .3 to rr  N 2  
6 0 W  , 2m A
Fig. 9.16 OGE signature obtained w ith  low pressure in tra c a v ity  c e l l .  The 
la rg e r peaks are 10P(20) and apparently show very small Lamb dips.
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s ta b iliz a t io n  in  the secondary low pressure discharge by OGE techniques 
provided a s u f f ic ie n t ly  good signal fo r  s ta b iliz a tio n  which v/as comparable 
w ith  the lase r discharge lin e  centre s ign a l. These sa tu ra tion  resonance 
experiments were intended to  be e sse n tia lly  exp loratory in  order to fin d  
i f  low pressure discharge OGE signal sources would be use fu l. A more 
thorough in ve s tig a tio n  o f the noise problem and a much b e tte r  developed 
lase r system would be required to complete the measurements. However, 
from th is  study s u f f ic ie n t  data has been co llected to  show th a t th is  low 
pressure OGE system is  not l ik e ly  to  provide a good signal source w ith  dc 
e x c ita tio n .
10.0 CONCLUSIONS
The COg laser optogalvanic e ffe c t (OGE) provides fundamental k in e t ic  
in form ation about the lase r discharge and has several major technological 
app lica tions  inc lud ing  o p tica l detection and s ta b iliz a t io n . The discharge 
power pertu rba tion  model presented (Chapter 7) re la tes the change o f o p tica l 
beam power to  temperature va ria tio n s  o f the discharge and subsequently, 
determines d ire c t ly  the change o f e le c tr ic a l discharge c h a ra c te ris tic s .
These p red ic tions have been compared to  e le c tr ic a l measurements made w ith  
various COg lase r o s c il la to r  a m p lif ie rs , external am p lifie r/abso rbe r c e lls  
and secondary in tra c a v ity  gas c e lls . Considerable experimental evidence fo r  
supporting the theory has been co llec ted  by varying a l l  the major operational 
parameters: e x c ita tio n , cooling pressure, gas mixture and output coupler 
alignment and r e f le c t iv i t y .  The p red ic tion  o f e le c tr ic a l pe rtu rba tion  has 
been shown to agree (Chapter 8 ) w ith  em pirica l data over almost fo u r orders 
o f  magnitude change in  beam in te n s ity  and the dependence o f OGE on wall 
cooling can be modelled over a wide temperature range to  ~ 10 C. No other 
theory o ffe red  so fa r  can p re d ic t q u a lita t iv e ly  a l l  the behaviour observed. 
The reduced OGE due to  00^2 sequence band laser beams has been predicted 
and measured and demonstrates th a t the ra t io  o f the upper lase r leve l 
populations fo r  0 0 ° 1  to 0 0 ° 2  leve ls is  approximately 4 ,
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The va ria tio n  o f the e le c tr ic a l properties o f the discharge (due to 
changing beam irrad iance) provided some d ire c t e le c tr ic a l measurements o f 
absorption/gain sa tura tion  and the re laxa tion  life tim e s  o f the 00°1 and 01°0 
le ve ls . These perturbation resu lts  give secondary evidence supporting 
e x is tin g  measurements. More fundamentally, the temporal response o f OGE 
in  COg gives important primary evidence supporting the (gas temperature) 
power pertu rba tion  model. A new high frequency e ffe c t has been discovered, 
explained and used to  s ta b iliz e  lasers w ith  a fa s t closed loop response.
A high degree o f s ta b i l i t y  has been achieved using a simple stable 
resonator (w ithout d ispersive components) and a su itab le  OGE feedback loop 
to  provide stab le  outputs o f 5 to  40 W w ith  amplitude changes ^  0.5%, long 
term (hour) frequency s ta b i l i t ie s  o f ^  50 kHz and a re s e t ta b il i ty  o f b e tte r than 
400 kHz. To summarize, OGE s ta b iliz a t io n  has provided impressive s ta b i l i t y  
"improvement fo r  small COg o s c illa to rs  g iv ing  up to  two orders o f magnitude 
improvement in  the laser in te n s ity  flu c tu a tio n s  and over s ix  orders o f 
magnitude improvement o f frequency s ta b i l i t y .
10.1 FUTURE INVESTIGATIONS
I t  is  the in te n tio n  o f th is  section to  p o in t d ire c t ly  to  areas which 
could be investigated in  order to more p rec ise ly  te s t the power pertu rba tion  
theory and to  extend the app lica tion  o f the ideas presented here. The three 
major areas fo r  work o f primary importance are
1. The carefu l measurement o f dc discharge noise dependent 
on gas composition, e xc ita tio n  and reception frequency 
band. The discovery o f low noise conditions would extend 
the low pressure inve s tig a tio ns .
2. Accurate thermocouple measurements o f gas temperature 
dependent on rad ia l p o s it io n , gas composition, pressure 
and e xc ita tio n . This w i l l  a llow  more precise te s tin g  o f 
the power perturbation theory fo r  various compositions 
(e .g . He concentration change).
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3, Development o f a phase se n s itive  detection scheme 
fo r  the bandwidth 100 kHz to  10 MHz.
The OGE s ta b iliz a tio n  system developed during th is  work and described
here has been used to  a ss is t COg, fa r  in fra re d  laser pumping by co n tro lle d
?02 18Qo ffs e t locking and in je c tio n  locked TEA lasers. The s ta b iliz a t io n  scheme
203is  c u rre n tly  being used to  a c tiv e ly  s ta b iliz e  a hybrid TEA la se r, COg 
waveguide lasers^^^’ as well as conventional l a s e r s . T h e  p o s s ib i l i ty  
o f using the e le c tr ic a l e rro r signal to  co rrec t resonator alignment (as w ell 
as length) by using a microprocessor based system should also be inves tiga ted . 
This technique could autom atica lly  se le c t the highest gain lin e  (10P(20)) from 
a lase r signature a fte r  one o r two scans through. As the u t i l iz a t io n  o f RF 
discharges increases due to  th e ir  inherent quietness and s ta b i l i t y  analogous 
RF, OGE techniques detecting VSWR. changes from the discharge load could be 
used in  a con tro l system to s ta b iliz e  and programme laser outputs.
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APPENDIX I NOTATION, CONVENTIONS AND UNITS
The energy leve ls and in fra re d  tra n s itio n s  of the COg molecule are 
defined in  the fo llow ing  manner. Unless sp e c ified , the tra n s itio n s  are 
v ib ra t io n a l- ro ta tio n a l and not e le c tro n ic  ( i .e .  non-ionized COg molecules 
are invo lved). The v ib ra tio n a l s ta te  described as (1, m, n) re fe rs  to the 
symmetric s tre tch  mode, bending mode and asymmetric s tre tch  mode quantum 
numbers.
The COg laser system involves tra n s itio n s  between states characterized 
not only by the v ib ra tio n a l quantum numbers but also by the molecular 
ro ta tio n a l quantum numbers J and M. An eigenstate o f the molecule is  
spec ified  as (1, m, n, J , M) where the ro ta tio n a l quantum numbers J and M 
determine the ro ta tio n a l s ta te  o f the molecule. Two kinds o f tra n s it io n  
are allowed by the se lection  ru les denoted, as P and R fo r  (J ^  J + 1) and 
J ^  (J -  1) respective ly . In th is  work, the tra n s itio n s  are described by 
th e ir  wavelength band as e ith e r  9 or 10 um and by the kind o f tra n s it io n  
e ith e r  P or R. Therefore, 10P(20) means the J 0 + 1 tra n s it io n  w ith
J = 20 upper leve l quantum number in  the 10 urn band. The laser tra n s it io n s
have two lowervlevel sets 10°0 and 02°0 which are s u f f ic ie n t ly  close in  
energy terms fo r  Fermi mixing to  occur. The group o f laser tra n s itio n s  
re su ltin g  from these leve ls are re fe rred  to  as (00°1 - 10°0, 02°1 j  j j )  which 
includes a l l  tra n s itio n s  due to  these leve ls exc lus ive ly . Higher leve l laser 
action  w ith  tra n s itio n s  such as (00°2 - 10^1, 02°1 j  ^ )  are d iscrim inated
in  the te x t by describ ing them as 00°2 10P(18), e tc . Where no p re fixed  energy
%
leve l is  shown th is  is  to be in te rp re ted  as a 00°1 tra n s it io n  and these
are sometimes re ferred to  as regu la r band tra n s itio n s ; s im ila r ly ,  the high
energy leve l tra n s itio n s  due to  00^3, 00^2, e tc. are re fe rred  to  as sequence 
band tra n s itio n s .
A ll pressures measured are expressed in  the un its  to r r  which has a
value o f 133 Pa,otherwise MKs SI un its  have been adopted e xc lu s ive ly , apart 
from some use o f cm (1 0 ^  m) fo r  length. A ll pressures over the range 0.1 
to r r  to  atmosphere were measured w ith  MAT d if fe re n t ia l capacitance manometers
which provide absolute pressure measurements not re fe rred  to  a ce rta in  gas. 
Some low pressure (io n iza tio n  guage, mass spectrometer and Pi ran i) 
measurements are the Ng equivalent pressure and th is  is  explained in  the te x t 
as a re la t iv e  un its  scale. A ll temperatures are given in  degrees ke lv in  or 
Celsius and are in  general measured by e ith e r  chromai alumel thermocouple o r 
Hg-glass thermometer and are to  be genera lly treated w ith  an e rro r o f ± 2 K.
Laser beam power was measured w ith  several ra d ia tio n  thermopiles ( la se r 
power meters) a l l  o f which were re fe rred  to  one CRL 201 laser power meter 
supplied w ith  manufacturer (NBS traceable) c a lib ra tio n  which was compared 
w ith  three power meters (during these experiments) supplied by Edinburgh 
Instruments, Peter Knowles o f St. Andrews U n ivers ity  Physics Department, and 
F. Cruickshank o f S trathclyde U n ive rs ity  Chemistry Department, a l l  these 
had c a lib ra tio n  which was NBS or NPL traceable. The re s u lt showed th is  CRL 
meter (the in-house standard) to  read an average - 2.5% (w ith  a worst 
comparison value o f 4%) over the range 1 to  30 W,
A ll laser gains and absorptions are expressed as a in  the sense o f 
aZI = I^e where Z is  the beam propagation coordinate. Unless otherwise 
stated a is  to  be in te rp re ted  as a saturated value fa th e r than a small signal 
value whence i t  is  denoted as a^. No rad ia l va ria tions  o f a are considered.
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A compact long-life CO2 -N2 —He-Xe laser has been developed to produce 4 -8  W on any one of ten CO2  0 0 * 1 — 1 0 ° 0  and 
0 0 °  1 —02°0 transitions, selected by the laser signature technique. Short term ( 1 0  m s - 1 0  ms) drift is <  1 0  kHz and positive 
column opto-galvanic detection is used in a stabilization feedback loop to produce long term frequency deviation of <  5 0 0  
kHz on the P(20) line and <  1 MHz on the other lines.
1. Introduction
We report the development of a compact, sealed,
CO2  laser operating at up to 10% conversion efficiency 
with the laser cavity both actively and passively stabi­
lized to acliieve better than three parts in 10  ^ frequency 
stability for the long term (seconds to many hours) and 
better than three parts in 10^ ® in the short term (10 
JUS to 10 ms) on any one of ten CO2  00^ 1—10^0 and 
00^1—02^0 laser transitions. The active stabilization 
system involves the use of an electronic feedback loop 
wliich adjusts the cavity length using the opto-galvanic 
effect. With an electric discharge excited tube, 25 cm 
long, the output power stability is better than 1% with 
more than 8 W on the P(20) 10.59 jum line, and typi­
cally 4 to 6 W on the other transitions.
2. The opto-galvanic effect
The cw CO2  laser is a high efficiency device, and 
the intensity of the laser radiation field is sufficiently 
large to cause significant variation in many of the laser 
and discharge macroscopic parameters when the field 
intensity changes. Thus, the spontaneous sidelight 
intensity and its spectral distribution, the gas pres­
sure, discharge current and discharge impedence all 
change as the internal laser radiation field intensity is 
altered, for instance, by using an intra-cavity modulator 
or by changing the resonant cavity alignment. These
effects have recently been extensively examined by 
Smith and Brooks [1,2], and many of the microscopic 
processes elucidated. Previously, Skolnick [3] noted 
that the radiation field intensity dependent current 
fluctuations could be used as the basis of a frequency 
stabilization system and successfully stabilized a cavity, 
using additional intra-cavity dispersive elements. In 
1975, Thomason and Elbers [4] gave details of tlie 
modification of a commercial laser to produce stabili­
zation, but gave no performance details. The laser 
cavity length is modulated by oscillating the position 
of one mirror along the cavity axis using a piezoelectric 
mirror mount at some convenient frequency (~500 Hz). 
The field intensity is, therefore, modulated at the same 
frequency as the cavity mode scans across the transi­
tion line gain profile. An intensity variation of ~1% is 
sufficient to significantly (*^0.1%) change the discharge 
impedence; this impedance change can be detected as 
current fluctuation (opto-galvanic) or as a voltage 
variation (opto-voltaic). If  the mean mode frequency 
is lower than the line.centre frequency, the phase of 
the observed impedence fluctuation is opposite to that 
if the mode frequency is higher than the line centre 
frequency, and the amplitude of the impedence fluc­
tuation increases with the frequency offset from line - 
centre. Thus, if the impedence fluctuation is measured 
with a phase sensitive detection system and its inte­
grated output, suitably amplified, applied as a dc cor­
rection voltage to the cavity length transducer, the 
system will maintain the oscillating cavity mode at line 
centre.
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The CO2  00® 1 upper laser level of the asymmetric 
stretch mode is pumped by both direct electron colli­
sion processes and by V-V collisions with N2 (i^  = 1) 
electron collision excited molecules. The dominant 
processes for the relaxation of this level are molecular 
collisions (mostly V-V-T) and stimulated emission. 
When considerable energy is extracted from this system 
by stimulated emission, then energy which would have 
been coupled to the discharge by V-V-T and V-T pro­
cesses is lost from the system as radiation, and hence, 
there is a net cooling of the gaâ. With a pulsed laser 
there may also be an initial short term gas heating 
effect (kinetic heating), but the overall net effect is one 
of gas cooling [1,5]. The cooled gas has a greater mole­
cular number density (and pressure); the electrons, 
therefore, collide with heavy particles more frequently 
and either a larger voltage is required to maintain the 
same current flowing througli the gas, an impedance 
increase, or a constant potential difference produces 
a current decrease, likewise an impedence increase.
It should be noted that an impendence change is mo­
dified by two further effects; first, as the gas number 
density changes, so not only does the electron collision 
rate change, but also the energy exchange per collision 
is altered. Second, if the primary impendence change is
7I
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Fig. 1. Variation of discharge voltage with discharge current 
for different laser output powers and variation of maximum 
laser output power with discharge current, in a small, sealed 
CO2  laser (33 cm discharge length, 25 cm active length), with 
gas mixture 1 torr Xe, 3 torr CO2 . 4 torr N 2 .16  torr He.
allowed to result in a subsequent current fluctuation, 
then tliis current change will consequently change the 
gas heating, causing a secondary impendence change; 
this latter effect is eliminated with a constant current 
power supply [1].
Fig. 1 illustrates the macroscopic impedence changes 
resulting from the microscopic processes, it shows the 
voltage-current characteristic for the laser (see below) 
producing 0 ,2 ,4 ,6  and 8 W output power. These 
power levels were obtained over a wide range of current 
values by partial misalignment of the resonant cavity, 
not altering the laser driver circuit. This radiation field 
intensity dependent impedence component is established 
in a time comparable with the collisional relaxation 
time of the 00® 1 level, which is^T ms.
3. Laser design
The compact CO2  laser head (external dimensions 
15 X 15 X 50 cm) shown schematically in fig. 2, utilizes 
a water cooled quartz laser tube of 8 mm inside diam­
eter and a vacuum system constructed of stainless steel.
INVAR
BALLAST 
-iSkV
H V
SUPPLY
c c /c v
PRE2
W IDEBAND
TN T ICOHERE
FILTER
INTEGRATOR 
DC AM P
PHASE lOHz -  IkHz
SHIFTER OSCILLATOR
Fig. 2. Schematic of CO2 laser head and associated feedback 
circuitry (laser dimensions not to scale). (B) — KCl or ZnSe 
Brewster window.
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The total reflector (M) is a 4 metre radius, gold coated 
copper mirror, permanently aligned to the axis of the 
quartz tube. The laser radiation is coupled out of the 
cavity by a 90% reflecting Ge output coupler (C), fixed 
to an adjustable mirror mount (MM) with an integral 
lead zirconate titanate ceramic PZT stack. A discharge 
is maintained between a nickel point anode and a hol­
low platinum cathode designed to reduce sputtering, 
and the total gas volume is 870 cm  ^ (including the 
reservoir).
Passive stability is achieved by the use of a rigid de­
sign with invar length control. The total reflector (M) 
is located in the mid-plane of a machined aluminium 
block, wliich is firmly attached to three 25 mm dimaeter 
invar rods, whereas the output coupler is mounted to 
the PZT doubly re-entrant, elastically deformable, 
steel mirror mount assembly (MM), which utilizes an 
1 aluminium mounting cup, which expands in the oppo­
site direction to the invar extension so that thermal 
compensation is achieved. Overall compensation has 
been found to correspond to a length stability better 
than 1 pm with a 5 K ambient temperature change, 
provided no excessive thermal gradients exist. No mag­
netic, vibrational or acoustic screening is used.
The active stabilization feedback loop utilizes a series 
resistor (R j) in the earth supply line as a signal detec­
tor (fig. 2). Tills sensing resistor and its associated filter 
circuit, narrow band preamplifier and coupling trans­
former, is located in the electrically screened laser head 
and provides an output signal related to the cavity 
, length error. The combination of R j and Cj provides a 
low pass filter response to reduce power supply tran­
sients, and is usually adjusted to give a ~  1 kHz roll-off.
. The remainder of the electronic system is assembled 
from standard units and the final high voltage amplifier 
supplies both the stable 0 to 1 kV HT voltage for the 
dc PZT drive and the small ac modulation for length 
wobbulation.
A total pressure of 20 to 30 torr is necessary to ob­
tain laser power in excess of 6 W from the short dis- 
, charge length; the optimum gas mix for sealed operation 
was found to be 4%Xe, 13% CO2 , 17% N 2 , 66% He. 
Althougli no specific lifetime tests have been made 
^or this system, sealed-off operation witli everyday 
usage has been obtained in the excess of four months, 
with less than 20% power degradation; details of the 
CO2  dissociation control technique can be found else­
where [6]. Unstabilized laser performance has been
monitored for long periods using a radiation thermo­
pile and a pyroelectric detector for power measure­
ments, along with an Optical Engineering CO2  spec­
trum analyser for wavelength measurements; apart 
from the first half-hour warm-up period, during which 
oscillation on two-vibrational-rotational lines simulta­
neously can occur in different cavity modes, oscilla­
tion on one line usually occurs for a period of several 
hours (always more than 30 minutes), and a slow drift 
of output power corresponding to the single cavity 
mode scanning through a gain profile segment in the 
laser signature occurs, giving rise to a power fluctua­
tion of typically 10%. The cavity length is sufficiently 
short so that line competition succeeds in producing 
single line oscillation for any unique cavity length 
axial mode, without the need of any extra dispersive 
element such as a grating or étalon. As the cavity length 
is changed by slow drift or PZT adjustment, a succes­
sive array of about ten individual high gain 00^1 — 
lOAo and 00*^1—20^ laser lines occur, producing a 
laser signature [7] which is predictable [8]. By correct 
alignment of the output coupler mirror mount stable 
axial mode TEMqq^ operation can be obtained inde­
finitely, and more than 99% of the output power is 
always in a single line.
The opto-galvanic technique provides a convenient 
method of observing the laser signature. Fig. 3 shows 
an opto-galvanic signature where the cavity length has 
been scanned 4.4 jum corresponding to a PZT ramp of 
500 V, As the intra-cavity power is changed, so is the 
discharge current, producing a change in potential dif­
ference across the sensing resistor R j . Tliis voltage 
signal (%50 mV) shown in the upper trace, is directly
3
Iy 2I, 500150
Fig. 3. Tracing of typical opto-galvanic laser signature obtained 
with a 4.4 pni length ramp (500 V  PZT scan, duration -2 0 0  
ms). All lines are 00°1—10°0 band. Peak power output P(20) 
line, 7.0 W.
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related to the output power signature: the transition 
line segments are identified by spectrum analyser.
4. Opto-galvanic stabilization
Fig. 4 shows the discharge impedence fluctuation 
(AZ/Z) caused by switcliing the internal radiation 
field on and off, as a function of the laser efficiency 
(adjusted by misalignment of the cavity). In tliis in­
stance, the discharge is constant current excited, in 
order to avoid the aforementioned secondaiy impe­
dence effect [1,9]. AZ/Z increases with laser conver­
sion efficiency, over the laser operating current range 
10 to 30 mA, consistent with the gas cooling theory 
[1] : consequently (for constant discharge excitation) 
the impendence fluctuation increases almost linear 
with output power. When the laser cavity resonance 
is changed by length modulation rather than misalign­
ment, the output power fluctuation is small (typically
0.1%) and results in a correspondingly small impe­
dence change and a consequent current fluctuation, 
which are both dependent upon the slope of the gain 
profile.
S "<
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Fig. 4. Variation of impedance fluctuation A Z /Z  at 10 and 
20 mA discharge currents for change of laser conversion effi­
ciency with gas mixture as in fig. 1.
Fig. 5 shows the opto-galvanic signal (A ///) fre­
quency response (the signal values are typical for off 
line centre tuning), à i / i  is attenuated at higher fre­
quencies (~  1 kHz), commensurate with the vibrational
e C O N S T A N T  V  
m C O N S T A N T  I
M O D U L A T IO N  FR E Q U E N C Y  (H z)
Fig. 5. Variation of opto-galvanic signal A ifi with a change of length-modulation (80 nm) frequency for the CO; laser, for both 
constant current and constant voltage power supply operation.
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relaxation time of the 00^ 1 level as previously predicted 
[1]. Behaviour at low frequencies is markedly different 
with constant voltage rather than constant current ex­
citation; a constant voltage power supply permits current 
fluctuations to occur, whereas a current stabilized 
supply eliminates current fluctuations. It is usually 
advantageous to use a constant current power supply 
in stabilized systems to eliminate long term current 
changes, and hence, a sufficiently high modulation fre­
quency is required to overcome power supply compen­
sation; in tills case, a modulation frequency of between 
400 and 750 Hz is most suitable. The particular fre­
quency is chosen to avoid power supply ripple harmonic 
components as these are the major stabilization channel 
noise sources.
In order to stabilize at the centre frequency of any 
transition in the laser signature (which can be opto- 
galvanically observed as in fig. 3), the cavity length is 
manually adjusted by varying the dc amplifier operating 
point until the desired transition is selected; then the 
feedback loop is closed, initially with a small dc gain, 
and the PZT modulation reduced to a suitable value 
(1 to 10 V ac PZT modulation is adequate), as the dc 
gain is increased. The highest gain line P(20) in the 
00^1—IQOq band can always be identified without 
external dispersive equipment, because it has the largest 
amplitude PSD discriminant and the widest signature 
bandwidth (>100 MHz at 24 torr laser gas pressure). 
Stabilization of higli gain lines P(18), P(20) and P(22) 
acliieves noticeably better stability than the weakest 
lines (R(20), R(18) etc.)
Stability has been assessed by two methods; first, by 
heterodyning two similar laser systems, and second, by 
long term analysis of the single mode output power 
fluctuations of one laser. The heterodyne experiments 
consists of mixing the same line output beams of two 
independently stabilized lasers together in a Lead Tin 
Telluride detector. With observation times between 
10 JUS and 10 ms, the mean difference frequency of 
two free-running lasers changed by less than three parts 
in 10^®. For longer observation times (1—20 s) occa­
sional frequency excursions of up to 200 kHz was 
measured. With two lasers suitably stabilized (different 
modulation frequencies), FM sideband beating occurs 
caused by the modulation generated, frequency dif­
ference components of 200 to 400 kHz, which sets a 
limiting bandwidth of two parts in 10  ^ on the absolute 
laser performance. Difference frequency measurements
taken over a series of observations from seconds to 
several minutes, show a mean drift of less than 500 
kHz, when both lasers are P(20) stabilized, and less 
than 1 MHz (three parts in 10^) when both lasers are 
stabilized on any available transition in their signatures. 
Since the stabilizer servo-mechanisms utilize integra­
tors with time constants which can be adjusted over the 
range 50 ms to 10s (typically 0.5 s), the medium term 
active stability is controllable. However, for times 
shorter than this, the active stability should be the 
same as the passive stability and certainly better than 
one part in 10® ; a figure wliich is confirmed by se­
condary evidence from the laser power output stability 
and the maximum correction signal amplitude in the 
feedback system.
Analyses of long term power fluctuations show
P(14)
0.1W
30 MINS.
ACTIVE
STABILIZATIONOFF ON
I P(20)
:-.v I0.1 w
2 HOURS
Fig. 6. (A) Comparison of P(14) stabilized output power (opto- 
galvanic technique) with free-running passive stability, with a 
mean power of 6.6 W. (B) Long term power stability of P(20) 
10.59 frm line with laser stabilized using the opto-galvanic 
technique, ten hours continuous operation at a mean power of 
7.7 W.
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between 0.2% and 1% maximum power deviation, of 
wliich the largest component is periodic (~40 min), 
and can be identified with the water thermo-circulator 
cooling cycle. As the discharge wall temperature is 
cycled by ±1.5 K the laser gain is modulated, resulting 
in laser amplitude modulation which is not linked to 
frequency drift. Fig. 6(A) shows the comparative out­
put stability (passive and active) for a medium gain 
line, P(14) (00^1—10^0), and 6(B) the long term sta­
bility of P(20) with the laser opto-galvanically stabilized.
We have found tliis opto-galvanic CO2  system to be 
particularly insensitive to vibrational and acoustic inter­
ference (due to the nature of the distributed detection 
element), and since it avoids the use of an infra-red 
detector output beam power or quality is not degraded. 
Additionally, the signal channel is wavelength insensi­
tive, which is particularly useful for signature observation 
and the selection and identification of liigli gain lines.
Tills system is effective simple and inexpensive and 
particularly suitable for compact, sealed CO2  lasers.
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The normal optogalvanic effect used in the stabilisation of CO2  lasers decreases in amplitude with increase in frequency 
and disappears at 2—3 kHz. We show that there is also a high frequency optogalvanic effect in CO; —N ; —He—Xe laser gas 
mixtures up to ~100 kHz, explain its origin and use it to frequency stabilise a laser with long term (hours) frequency drift 
of <  50 kHz and frequency re-settability of <100 kHz.
I . Introduction
Large perturbations of the discharge v-i characteris­
tics occur in the CO2  cw laser due to changes of the 
radiation field, but have been found to decrease with 
frequency [1,2] and disappear at 2—3 kHz. These opto­
galvanic effects (OGE) liave been used by several au­
thors [3—5] to stabilise CO2  lasers and we liave re­
ported the performance of such a system [5,6]. We 
have now observed OGE signals at frequencies up to 
100 kHz and actively stabilised lasers with liigh fre­
quency phase locked loops to provide single mode pow­
ers >  8 W with power fluctuations <  0,5% and long 
term (several hours) frequency stability better than 5 
parts in 10^. Here we show the origin of this Iiigli fre­
quency effect and explain the 180° phase change at 1 —
3 kHz and the signal decay at 40 to 100 kHz.
2. Laser design and system calibration
The sealed CO2  lasers [5] are of a compact rigid de­
sign of invar and liave 8 mm bore, 25 cm discharge 
length quartz tubes with a hollow Ft cathode situated 
in a side arm; a gold coated 4 m radius total reflector is 
permanently attached to one end of the tube and the 
other end is closed by a ZnSe or KCl Brewster window. 
A 90% flat output coupler is mounted in an elastically
*  Supported by UK Science Research Council.
deformable mirror mount with an integral lead zirco­
nate titanate ceramic piezo-electric translator (PZT) 
stack or tube wliich determines a cavity length of 
about 35 cm. A small ac voltage (at the chosen modula­
tion frequency,/) is applied to the PZT stack to modu­
late the cavity length, tlie resulting OGE discharge cur­
rent modulation develops an ac voltage across a resistor 
in the power supply line, and the stabiliser servomecha­
nism (a PSD to determine error signal phase, a pair of 
integrators and a liigli voltage DC amplifier) drives the 
PZT in order to correct cavity length changes and main­
tain the cavity mode at the centre of the line gain pro­
file of the chosen laser signature segment.
A PZT mirror mount assembly lias a complicated 
meclianical frequency response determined by reso­
nances and drive source capacitive loading. In order to 
amplitude modulate the laser field by a constant 
amount (say 1%) as/is varied (over a wide frequency 
band) each PZT must be calibrated. Hie most conve­
nient calibration teclmique is to frequency modulate a 
laser with the PZT and heterodyne its output beam 
with a stabilised CO2  beam in a non-Hnear wideband 
detector. We liave used a Plessey LBC L.T.T. detector 
and a HP 8557A spectrum analyzer to determine the 
laser beat spectrum width from which the PZT length 
translation is obtained. Typical PZT stack characteris­
tics are a falling HF response —10 dB at 1 kHz, —30 dB 
at 10 kHz, —40 dB at 20 kHz and —50 dB at 60 kHz 
with a strong resonance at 45 kHz and a broad reso­
nance at 12 kHz. Using tliis method we have calibrated
0 030-4018/81/0000-0000/$ 02.50 ©  North-HoUand Publisliing Company 119
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several PZT's from 10 Hz to 200 kHz, giving response 
calibration accuracies of ±5% DC—3 kHz, ±10% 3 kHz 
-1 0  kHz, and ±20% 10 kHz-200 kHz.
3. The opto-galvanic signal
Constant current dc power supply units are used ex­
tensively to excite cw CO2  lasers and these attenuate 
low frequency current fluctuations (1^  400 Hz) and 
tube voltage fluctuations (optovoltaic teclmique) may 
be used alternatively [7,8]. Instrumental phase 
clianges of low frequency current perturbations occur 
due to PSU feedback limitations and some anomalous 
OGE pliase changes can be observed due to dc level 
shifting with increasing frequency, giving 2f signals as 
the line centre is approached. However, we have inves­
tigated the OGE phase over a wide bandwidth and 
only one fundamental phase change occurs, at ~ 2  kHz. 
Fig. 1 shows that the OGE signal (for constant voltage 
power supply operation) is opposite in pliase to the 
radiation field modulation at low frequencies (as pre­
viously shown by Smith and Brooks [1] ), but steadily 
decreases in amplitude with increase in frequency and
disappears at 2—3 kHz. It reappears at higlier frequen­
cies, but with reversed phase (in pliase with the field 
modulation) and reaches a maximum amplitude in the 
10 to 20 kHz region, before decreasing and disappear­
ing at ~100 kHz. The points near the 2.5 kHz cross 
over suggest subsidiary amplitude maxima. The sepa­
rate phase plot shows that the phase reversal extends 
over the range from ~1 kHz to ~3 kHz.
The discharge noise spectrum envelope (see fig. 1 
also) is. dominated by power supply unit harmonics 
which are typically 45 dB greater than background 
random discharge noise in the band 10 to 100 Hz and 
25 dB greater at frequencies 100 Hz to 10 kHz. Die 
noise spectrum shown is typical for a tube as described 
[5] and shows an increase in background and PSU 
noise at low frequencies ^  100 Hz when excited by a 
commercial transistor current regulated supply with a 
series ballast greater than the tube impedance. There 
is an improved OGE signal-to-noise ratio in the H.F. 
band (10—20 kHz) due to reduced PSU harmonics and 
background noise. Details of discharge noise spectra 
and optimization of the OGE stabilisation scheme will 
be published later [8].
Opto-galvanic Phase
180“
« 10 160'
140'
120
T z n 100"/  Discharge Noise
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Opto-galvanic Amplitude-15
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Fig. 1. Variation of OGE signal A //i and OGE phase with length (100 nm) modulation frequency for the CO2  laser with constant 
voltage excitation. The dashed lines show the envelope of the amplitude of the power supply harmonics noise induced current fluc­
tuations A / / /  (see text) for a typical commercial power supply, as measured with a HP 3580A audio frequency spectrum analyser.
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4. Kinetic perturbation mechanisms
The kinetic perturbation path for connecting the 
modulation of the laser cavity length (frequency / )  
with the resulting discharge current perturbation at the 
frequency/has been described previously [1,5] and is 
summarised here in fig. 2. From the upper part of the 
figure we see that the radiation stimulated transitions 
/ü^ LASER from the upper level compete with the other­
wise dominant V-V-T relaxation process.
00^(001 ) + M m, 0) + M +
where M represents all the possible collision partners 
CO2 , CO, O2 , N2 , He, Xe, and T’y  represents the sur­
plus energy given by the exothermic process to transla­
tional energy. Both processes transfer the CO2  excited 
population to a closely coupled group of levels (very 
rapid vibrational coUisions) which are labelled 010
Tu
V - V - T
oo°i
Af 300^5
(lO“0,02“o)^ ^^  j
FAST PROCESSES 010
I'o I
T l
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Fig. 2. Simplified energy level diagram for the CO2  laser and 
the OGE process diagram in two modulation frequency re­
gimes.
here for convenience. This 010 group then rapidly re­
laxes by collisional processes to the ground state giving 
up all the vibrational energy as translational energy Ty.
As shown on the left-hand side of the lower part of 
fig. 2, when the laser field is increased (cavity length 
modulation, frequency / ,  driving cavity mode towards 
transition line centre), Ty will decrease because more 
of the 001 population is now removed by hv laser pho­
ton induced transitions and so there are relatively few­
er V-V-T collisional relaxations, hence T’y  decreases.
Ty is unaltered (all the population still flows through 
the 010 group and the total pump rate to the 001 level 
is constant for both halves of the modulation cycle).
As a result there is a net decrease in the transfer of en­
ergy to the gas (7\j decreased, Ty unaltered) at fre­
quency f \  the local number density in the radiation 
field is increased, the discharge impedance is increased 
and the current is modulated at / ,  but out of phase 
with the modulation field (decrease) for constant volt­
age power supply operation.
The roll-off of the OGE in the 1 to 2 kHz region 
can be explained in terms of the upper state V-V-T re­
laxation process rate. For our gas mixture of 3 Torr 
CO2 , 4 Torr N 2 , 1 Torr Xe and 18 Torr He and assum­
ing 30% CO2  dissociation and rate constants for an 
average gas temperature of 370 K, the 001 relaxation 
rate is predicted to be ~3100 s”  ^ giving relaxation 
time tqoi against collisional relaxation of ~300 /rs. 
Tlierefore as the cavity length modulation frequency 
is increased the 001 population variation at /  should 
become small as/-)- I/Ttqoij o r/~ 1650  Hz as ob­
served. Thus the /frequency modulated component 
of energy transfer to molecular translational motion 
(T"y(/)) also becomes small and the number density, 
discharge impedance and current fluctuations at fre­
quency/are reduced.
However i f / ^  1/2tqoi, 3y acquires a modulated 
component at frequency/. Althougli the laser field 
stimulated transitions 001 ->010 are still modulated 
at frequency/, due to the field ampHtude modulation, 
the/modulation of the V-V-T 001 ->010 transition 
is less (-> 0 a s />  1/2tooi) hence the arrival rate 
of 010 population is not the same for the two halves 
of the/modulation cycle and the 010 population 
fluctuates, modulating 7 y .  Or to express it in another 
manner, when the modulation frequency is low, each 
lialf of the modulation cycle/represents a kinetic 
equihbrium state (constant pumping and equilibrated 
relaxation process), but with the increase in /th e
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V-V-T process is too slow to re-establish and maintain 
an equilibrium over the cycle period. So as seen on the 
right-hand side of the lower part of fig. 2, as the laser 
field changes so although Ty remains unaltered, now 
Tl  increases as the field increases, leading to a num­
ber density decrease and hence a current increase.
Tlius the current response is now (h ig li/) in phase 
with the cavity length modulation.
To summarise: as the cavity length modulation fre­
quency increases to become comparable with l/2rQoi 
of the V-V-T relaxation process, so 7 \ ] ( / )  decreases 
and Tl ( / )  acquires a non-zero value, resulting in an 
optogalvanic signal phase change. But will in
turn decrease as/-> I J I tqqi , where T l is the V-T col­
lisional relaxation rate of the 010 group, wliich for 
our ^s mixture is calculated to be ~13 /as, hence when 
/ ->  40 kHz, as is evident in fig. 1.
5. High frequency laser stabilisation
The lasers and electronic systems used for higli fre­
quency stabilisation are as previously described for 
low frequency stabilisation [5], except that the PZT 
is driven via a capacitive mixer from a low impedance 
ac source and a high impedance dc source; in some 
cases twin PZT’s have been used.
Fig. 3 shows the laser intensity stability, which for 
a passive cavity drifts by ~10% per hour. The improve­
ment due to high frequency OGE stabilisation (at a
8
ACTIVE
STABILIZATION 
O FF >ON
Q:
I 1HOUR
«5
P(20) 10.6 wm7
Fig. 3. Comparison of CO2  laser single mode power with high 
frequency OGE active stabilisation with passive stabilisation 
only, for a compact sealed device, as described in section 2.
modulation frequency of 14.6 kHz) is evident and in­
tensity fluctuations are reduced to ^  0.3% when the 
laser is stabilised at 10.6 /um P(20) line centre. Fre­
quency stability has been assessed in detail by beating 
two independently stabilised lasers together; in some 
instances, one laser was stabilised off line centre by a 
predetermined frequency by adding a known voltage 
to offset the PSD operating point. Over long periods 
(several hours) it was found that the frequency drift 
was <50 kHz (compared with >20 MHz per hour un­
stabilised) and frequency re-settability (after the feed­
back loop had been opened) is always <100  kHz. At 
all times low frequency jitter of 100—400 kHz is ap­
parent, primarily due to the commercial power supply 
used having an output ripple of 1—5 V rms, and conse­
quently perturbing the cavity refractive index.
Higher phase lock loop frequency results in faster 
response correction; in our case the response time is 
limited to 100 ms by PZT dc drive and fixed post de­
tector integration. By constructing systems with a re­
sponse time of 1—10 ms correction of laser frequency 
jitter due to PSU ripple is possible as well as the reduc­
tion of acoustic interference in the audio frequency 
band (up to 100—1000 Hz). Increasingly, lasers are 
being used not only in optics laboratories, but also in 
less controlled environments, and rejection of vibra­
tion and acoustic interference is necessary. It is note­
worthy that even commercial anti-vibration surfaces 
permit substantial vibration at low frequencies (up to 
100 Hz) which cannot be corrected with most stabilisa­
tion systems (~1 s time constant). Tire OGE stabilisa­
tion method can be extended to operate at the hi^er 
frequencies necessary and its susceptibility to micro- 
phony is inlierently low because the distributed dis­
charge acts as the primary frequency error detection 
element.
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RECENT ADVANCES IN CO% AND CO LASER STABILISATION USING THE 
OPTO-GALVANIC EFFECT
S. Moffatt and A.L.S. Smith
Department of Natural Philosophy, University of Strathclyde, Glasgow G4 ONG, Scotland, U.K.
INTRODUCTION
The Opto-Galvanic Effect (OGE) is being increasingly used for laser spectroscopy and stabilisation, and in this paper we repbrt three 
advances in the application of the OGE. Faster response stabilis­ation of normal band COg laser lines, stabilisation of sequence band 
transitions and stabilisation of the CO laser.
HIGH FREQUENCY STABILISATION
In the past OGE stabilisation has been found 
to be most suitable as a long term (~ seconds to hours) frequency control: shorter term 
stabilisation having been thought to be 
impossible because of the OGE upper frequency limit at 2-3 kHz (Smith and Moffatt 1979).But recently (Moffatt and Smith 1981) we have shown that there is a high frequency OGE (up to 100kHz) and we have used a fast response 
feedback system with time constant as short as 50 ms. Figure 1 shows the variation- of 
the frequency output of a CO g laser stabilised 
with a 6 kHz feedback circuit. This tracing 
from a photograph shows a laser beat spectrum (500kHz per division) of two similar systems as the spectrum analyser repeatedly scans over a period of 1 second; clearly the 
frequency jitter is less than ±500kHz. Like­
wise we have found for stabilisation for 
periods of several hours that the frequency drift is less than I MHz.
Using higher phase lock loop frequencies can result in faster cavity correction. Usually 
when using DC excitation laser frequency 
jitter (100kHz to 1 MHz) occurs due to the ripple (~ 100 Hz) input power fluctuation perturbing the cavity refractive index. The 
reduction of acoustic interference (100 Hz to 1 kHz) is desirable as lasers are being used
500
kHz
Fig.1. Spectrum 
analyser output 
with high frequency OGE (see text).
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not only in optics laboratories but also in less controlled 
environments where good vibrational and acoustic interference 
rejection is necessary. Higher phase locked loop frequencies (servosystem time constant ultimately 1 to 1 0 ms) should greatly reduce these power supply and environmental effects,
SEQUENCE LASER STABILISATION
Although the sequence band (00°2->■ jjLO^ l, 02°l] ^  CO2 OGE effect 
is only half the size of the fundamental band (00°1 ->• Q.O°o]^ 
effect (see Figure 2) and the sequence laser is considerably ’ 
less powerful, it is of interest for spectroscopy, optical pumping, atmospheric transmission studies and vibrational temperature 
measurements. We have OGE stabilised a small sequence band laser 
on several different rotational transitions for periods of several hours and found the amplitude and frequency drift to be very similar 
to that achieved with the fundamental laser. Sequence band lasers 
are less stable than fundamental CO2 lasers due to thermal problems associated with the intracavity hot CO2 absorber used to suppress 
the ordinary transitions. Figure 3 compares the amplitude output 
stability of a sequence laser without stabilisation with one OGE 
stabilised on the F17, P21 and P23 lines in turn: the improvementis considerable.
r  cOg 
00°1 10P20
1.0 CO MULTILINE 
5 Jjm
00°2 10P23
0.4 050 0 2 0.30.1
LASER OUTPUT POWER (W)
Fig.2. Comparison of size of OGE effects for different 
laser types (all 6 % output coupling, 50 cm active discharge 
lengths). CO laser 25 mA in 25 torr (1.4 CO, 2.5 Xe, 21.1 He), 
CO2 lasers 15 mA in 15 torr (1.0 CO2 2.5 Ng, 1.5 Xe, 10.0 He) .
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CARBON MONOXIDE LASER STABILISATION
In many situations the 5-6ym CO laser is preferred to the 10-11pm 
CO2 laser because it is more efficient and the laser power output 
varies less with cavity length fluctuations. Usually the CO laser oscillates on several vibrational-rotational lines, but true single 
line operation can be obtained under carefully controlled conditions (Smith and Murray 1981).
We have previously shown (Smith and Brooks 1979) that the laser 
induced discharge impedance change producing the OGE in carbon 
dioxide is due to temperature induced gas number density changes and the resulting changes of electron collision frequency and cross- section. This is unlike the traditional OGE in atomic systems which is usually assumed to be due to changes in the metastable populations 
and ionisation rates from relatively high-lying levels. Figure 2 shows that the OGE effect in CO is comparable to that in 00% and 
Figure 4 shows the variation of the amplitude of the OGE with laser field modulation frequency. The low frequency fall-off is attributable to the response rate of the constant current power 
supply being used, but the rapid decrease at - 4000 Hz is due to the photon-to-discharge impedance coupling process. These results were 
taken with a typical laser at 30 torr pressure and the associated 
total V-V-T deactivation time of the vibrational mode at 400 C due 
to CO collisions with CO, Ng, He and Xe is - 200ps ; in good agreement with the experimental result and suggesting the photon-discharge 
coupling process is temperature induced as in CO2 .
IH o u r
P23
0.1W
UNSTABILISED
STABILISED
P21P23
P17
10pm00°2 SEQUENCE TRANSITIO NS Pow er 1W
Fig.3. Comparison of stabilised and unstabilised sequence band laser output power. 50 cm discharge tube (ltC 0 2 ,
2.5 t N 2 , 1.5 tXe, lot He) and 15 cm hot cell (CO 2 400 C) 
in 1 m cavity (4m full reflector, 6% plane coupler).
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10 20
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FREQUENCY (H i)
Fig.4. Effect of cavity modulation frequency on OGE discharge perturbation in CO laser. 20mA discharge with 
constant current power supply (feed-back to ~ 400 Hz) with 
160 cm cavity and 30 torr gas (0.8 CO, 1.0 Xe, 5 .5 .N2 , 22.8 He)
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